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hard work. This prize 
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generations of scientists 
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discoveries." 


Dr. Christine Jacobs-Wagner 
Grand Prize winner 1997 


The GE & Science Prize for Young Life Scientists. 
Rewarding brilliance since 1995. 


Imagine standing on the podium at the Grand Hotel in Stockholm, making your 
acceptance speech. Imagine joining the ranks of those published in Science magazine 
and having your essay on your work in molecular biology read by your peers around 
the world. Imagine taking part in a seminar with the other Prize winners and Nobel 
Prize laureates and discussing your work with leaders in the field. Imagine what you 
could do with the US$25,000 prize money. Imagine this brilliant start to your career 
and where it could lead you. Now stop imagining, and make it a reality. 
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>> Report p. 1334 


CONTENTS continued >> 


pages 1278 & 1330 


DEPARTMENTS 


1239 This Week in Science 


Herbert Newman's 1960s love song about the birds, bees, 


flowers, and trees inspired this cover, which celebrates 1242 Editors’ Choice 

the sixth essay, “On the Origin of Sexual Reproduction,” 1244 Science Staff 

in Science’s monthly series honoring Darwin’s 200th birthday. 1245 Random Samples 
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Make the best of it! 


Top quality for your sample 


Each of your valuable samples deserves the best 
treatment. See for yourself how the Eppendorf tips 
will save time and reduce costs. 


With respect to material, fit, design and operating forces 
our tips set new standards. The close environment of 
each sample should be adapted to its specific quality and 
purity needs. This can involve a specific purity level or the 
absence of certain substances, but also stability, reliability, 
or geometry. The Eppendorf tips are designed to cover all 
of the specific needs of your samples! 


Stop Aerosols! Eppendorf ep Dualfilter T.1.P.S.° 

@ Maximum protection of pipette and sample by our 
unique two phase filter technology 

@ Ultimate absorption of aerosols and biomolecules 

@ Free from PCR inhibiting additives and particles from 
the filter material itself 


Learn more about Eppendorf ep Dualfilter T.I.P.S.°: 
www.eppendorf.com/dualfilter 

Learn more about Eppendorf consumables: 
www.eppendorf.com/consumables 


eppendorf 


In touch with life 


Your local distributor www.eppendorf.com/worldwide - Application Support E-Mail: support@eppendorf.com 
Eppendorf AG - Hamburg - Germany - Tel: +49 40 538 01-0 - Eppendorf North America, Inc. - USA - Tel.: +1 800 645 3050 


REVIEW 


1284 Disulfide Formation in the ER 
and Mitochondria: Two Solutions 
to a Common Process 
J. Riemer et al. 


BREVIA 


1288 Anthropogenic Impacts on Nitrogen 
Isotopes of Ice-Core Nitrate 
M. G. Hastings et al. 
The isotopic composition of nitrogen in 
nitrate deposited in Greenland has changed 
markedly over the past 150 years. 


RESEARCH ARTICLES 


1289 Regulation of Hypoxia-Inducible 
Factor 2 Signaling by the 
Stress-Responsive Deacetylase Sirtuin 1 
E. M. Dioum et al. 
A deacetylase implicated in aging directly 
regulates a transcription factor that controls 
stress-responsive genes. 
>> Perspective p. 1281 


1293 Did Warfare Among Ancestral 
Hunter-Gatherers Affect the Evolution 
of Human Social Behaviors? 

S. Bowles 

Prehistoric conflict among humans could 
have favored the survival of groups 
containing altruists. 

>> Perspective p. 1280 


REPORTS 


1298 Late Pleistocene Demography and the 
Appearance of Modern Human Behavior 
A. Powell et al. 
Population size and migration account for 
modern human behavior appearing in Africa 
about 90,000 years ago but much later across 
Europe. 
>> Perspective p. 1280 


1302 Pd-Pt Bimetallic Nanodendrites with 
High Activity for Oxygen Reduction 
B. Lim et al. 
The catalytic activity of platinum is enhanced 


through a growth process that creates 
nanocrystals with high surface area. 


1306 Natural Quasicrystals 
L. Bindi et al. 
A sample of the mineral khatyrkite contains 
quasicrystals, which are ordered but lack the 
translational symmetry of crystals. 


1309 Observation of Single Colloidal Platinum 
Nanocrystal Growth Trajectories 
H. Zheng et al. 
Transmission electron microscopy provides 
details of the growth mechanisms of platinum 
nanocrystals in solution. 
>> Perspective p. 1276 
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Large-Area Synthesis of High-Quality and 
Uniform Graphene Films on Copper Foils 
X. Liet al. 

Predominantly single-layer graphene films 
grow ina self-limited manner on copper and 
can be transferred to other substrates. 


Superconductivity at the 
Two-Dimensional Limit 

S. Qin et al. 

Superconductivity persists in lead films down 
to just two monolayers thick. 


Social Transmission of a Host Defense 
Against Cuckoo Parasitism 

N. B. Davies and J. A. Welbergen 

Social learning and predisposition explains 
why reed warblers mob parasitic cuckoos 
but not innocuous parrots. 


Epigenetic Temporal Control of 

Mouse Hox Genes in Vivo 

N. Soshnikova and D. Duboule 

A time-dependent transition in chromatin 
modifications parallels the sequential 
activation of genes involved in embryo 
organization. 


McsB Is a Protein Arginine Kinase 
That Phosphorylates and Inhibits 

the Heat-Shock Regulator CtsR 

J. Fuhrmann et al. 

A protein kinase can specifically target 
arginine residues in a transcription factor 
to regulate its DNA binding. 


Rhes, a Striatal Specific Protein, Mediates 
Mutant-Huntingtin Cytotoxicity 

S. Subramaniam et al. 

Asmall G protein localized in the brain 
striatum may explain the localized 
neurodegeneration observed in 
Huntington’s disease. 


Mechanoenzymatic Cleavage of 

the Ultralarge Vascular Protein 

von Willebrand Factor 

X. Zhang et al. 

Mechanical forces regulate the length of 
von Willebrand factor multimers and thus 
regulate thrombogenic potential. 

>> Perspective p. 1278 


Halofuginone Inhibits T,17 Cell 
Differentiation by Activating the 

Amino Acid Starvation Response 

M. S. Sundrud et al. 

Activation of the amino acid starvation 
response inhibits differentiation of a subset 
of inflammatory T cells. 

>> Perspective p. 1282 


Endogenous Activation Patterns of Cdc42 
GTPase Within Drosophila Embryos 

D. Kamiyama and A. Chiba 

Bioprobe imaging reveals precise patterns 
of activation for a signaling protein in the 
neurons of intact animals. 
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Antibodies and Related Reagents for Signal Transduction Research 


Immunohistochemical analysis of paraffin-embedded 
human astrocytoma using VEGF Receptor 2 (55B11) 
Rabbit mAb #2479. 


ah "the 


Immunohistochemical analysis of paraffin-embedded mouse 


small intestine using MMP7 (D4H5) Rabbit mAb #3801. » 


The Highest Quality Antibodies for the Study of 


Angiogenesis 


...from Cell Signaling Technology” 
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:: Technical support provided by the same 
scientists who produce and validate the 
products translates into a thorough, fast 


Confocal immunofluorescent analysis of HeLa cells, treated with either 10 uM MG132 (left) or and accurate response. 
10 uM MG132 and 1 mM DMOG (right), using Hydroxy-HIF-10 (Pro564) (D43B5) Rabbit 
mAb #3434 (green). Actin filaments have been labeled using DY-554 phalloidin (red). 
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Amplified Trace Gas Removal in the Troposphere 
A. Hofzumahaus et al. 

A yet undescribed pathway for hydroxyl radical 
production is needed to account for reaction rates 
of highly polluted air. 

10.1126/science.1164566 


Extending Universal Nodal Excitations Optimizes 
Superconductivity in Bi2Sr2CaCu20¢,5 

A. Pushp et al. 

Scanning tunneling spectroscopy reveals strong 
electronic correlations in the insulating state 

of a cuprate superconductor. 
10.1126/science.1174338 


Auxin-Dependent Patterning and 

Gamete Specification in the Arabidopsis 

Female Gametophyte 

G. C. Pagnussat et al. 

An auxin gradient is involved in cell fate specification 


of the female sex cells in flowering plants. 
10.1126/science.1167324 


IRAP Identifies an Endosomal Compartment 
Required for MHC Class | Cross-Presentation 

L. Saveanu et al. 

Immunological dendritic cells contain an endocytic 
compartment involved in the cross-presentation of 
internalized antigens. 

10.1126/science.1172845 


RIP3, an Energy Metabolism Regulator 
That Switches TNF-Induced Cell Death from 
Apoptosis to Necrosis 

D.-W. Zhang et al. 


The protein kinase RIP3 mediates necrotic cell death, 
likely through regulation of metabolic enzymes. 
10.1126/science.1172308 


SCIENCENOW 

www.sciencenow.org 

Highlights From Our Daily News Coverage 

Thin the Air, Save the Biosphere? 

A team suggests a way to prevent plant Armageddon. 
Embryonic-Like Cells Advance Toward 

Disease Treatment 

Researchers find ways to increase safety 

and to generate genetically tailored cells. 

A Billion-Year Hard Drive 


A new process could preserve digital data, 
essentially forever. 


SCIENCESIGNALING 
www.sciencesignaling.org 
The Signal Transduction Knowledge Environment 


RESEARCH ARTICLE: Involvement of the 
Protein Kinase CK2 in the Regulation of 
Mammalian Circadian Rhythms 

Y. Tsuchiya et al. 


Protein kinase CK2 promotes PERIOD2 degradation 
and modulates the mammalian circadian clock. 


PERSPECTIVE: Allosteric Effects Govern Nuclear 
Receptor Action—DNA Appears as a Player 
H. Gronemeyer and W. Bourguet 


DNA sequences regulate glucocorticoid 
receptor activity. 


NETWATCH: PANTHER 
Explore a database of proteins classified by function; 
in Bioinformatic Resources. 


NETWATCH: Inside Cancer 
Learn about the cell biology of cancer through 
interactive multimedia resources; in Educator Sites. 


SCIENCECAREERS 
www.sciencecareers.org/career_magazine 
Free Career Resources for Scientists 


A Bioethicist’s Work Bridges 
Science, Law, and Religion 
C. Wald 


An erroneous conference invitation prompted 
Jennifer Miller to pursue a bioethics career. 


Taken for Granted: Building a Culture of Safety 
B. L. Benderly 


An investigation of a fatal UCLA fire shows 
how many academic labs can be made safer. 


Weighty Research in Microgravity 

E. Pain 

A physician and an engineering student are 
preparing experiments in microgravity for a 
European Space Agency competition. 


SCIENCEPODCAST 
www.sciencemag.org/multimedia/podcast 
Free Weekly Show 

Download the 5 June Science Podcast to hear about 
returns on science investments, human social 
evolution, the origin of sexual reproduction, 

and more. 


ORIGINSBLOG 
blogs.sciencemag.org/origins 
A History of Beginnings 


SCIENCEINSIDER 
blogs.sciencemag.org/scienceinsider 
Science Policy News and Analysis 


SCIENCENOW 
Genetically corrected cells. 


SCIENCESIGNALING 
Glucocorticoid receptor-DNA complex. 
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ESSENTIAL BY NATURE 


The 2009|10 NEB Catalog & Technical Reference 


Highlights 

¢ High Fidelity (HF) Restriction Enzymes - the next generation 
in restriction enzyme technology 
A comprehensive offering of PCR reagents 
The latest innovation in competent cells for protein expression 


An extensive selection of markers and ladders for DNA, 
RNA and protein 


A new gene expression and cellular analysis section showcasing 
a powerful protein labeling technology unique to NEB 


A range of expression systems, including a novel kit for 
cell-free expression 


Tools for glycobiology 
Tools to enable RNA research 


A substantial technical reference section 


NEW ENGLAND 


e 
This year’s catalog features minireviews focused l oLda Ss 2 
on renewable energy generated from natural resources. Inc. 


To request a copy, visit www.neb.com enabling technologies in the life sciences 


DNA AMPLIFICATION PROTEIN EXPRESSION GENE EXPRESSION 
CLONING & MAPPING & PCR RNB’ ANALYSIS & ANALYSIS & CELLULAR ANALYSIS 


www.neb.com 


CREDITS (TOP TO BOTTOM): DAICHI KAMIYAMA AND AKIRA CHIBA; LIM ET AL. 


<< Signaling 
Signature in Situ 


Upon activation, signaling pro- 
teins trigger response path- 
ways, but knowing when and 
where they are activated within 
animals has been difficult. 
Kamiyama and Chiba (p. 1338) 
describe an in vivo bioprobe 
imaging technology that 
reveals the restricted pattern 
for endogenous activities of a 
ubiquitously expressed signal- 
ing protein Cdc42 within indi- 
vidual cells and in whole ani- 


mals. Genetic experiments confirmed that it is the activation within individual cells and 
tissues, not simply the protein's presence, which defines its function during development. 


Two Ways to 
Redox Regulation 


Eukaryotic cells control the redox environment 
within their cytoplasm to be generally reduc- 
ing. However, the endoplasmic reticulum pro- 
vides an oxidizing environment for secretory 
and membrane proteins. In addition, a sub- 
compartment of mitochondria—the power- 
houses of the cell—also generates an oxidizing 
environment for constituent and itinerant pro- 
teins. Riemer et al. (p. 1284) review the cur- 
rent understanding of both eukaryotic redox 
machineries and highlight their implications 
for the biogenesis and regulation of protein 
function, focusing on the impact of these sys- 
tems on health and disease. 


Coordinating Response 
to Stress 


Sirtuin 1 (Sirt1) (a protein deacetylase implicated 
in aging), senses the metabolic state of the cell 
and modulates the activity of substrate proteins 
that in turn regulate cellular transcriptional 
responses. In response to hypoxia, cells activate 
the transcription factor hypoxia-inducible factor 
2 alpha (HIF-2a), which promotes adaptive 
responses. Dioum et al. (p. 1289; see the Per- 
spective by Guarente) discovered a link between 
these two important cellular stress response sys- 
tems—HIF-20 is a substrate of Sirt1. Direct 
interaction between Sirt1 and HIF-2o results in 
deacetylation of HIF-2a and enhances its tran- 
scriptional activity. In mice lacking Sirt1, the 
ability of HIF-2a to promote synthesis of the 
growth factor erythropoietin is diminished. Thus, 


the regulation of HIF-2 helps to coordinate 
responses of cells to various stresses. 


Extending Platinum 
Catalysts 


Platinum performs extremely well as a catalyst 
for the oxygen-reduction reaction that runs 
under highly acidic conditions in proton- 
One strategy for reducing costs is to increase the 
surface areaof = 

Rr wee Re 
Lim et al. (p. ex Pe, 
1302, published 
route, in which 
Pt ions in solution are reduced onto Pd seed crys- 
high area owing to their dendritic architecture. 
On a Pt mass basis, these catalysts are several 


exchange membrane fuel cells, but is expensive. 
the platinum. 

online 14 May) & a ae , 
ee 

tals, which creates faceted Pt nanocrystals with a 
times more active than conventional Pt catalysts. 


War and Peace? 


Modern behavior, including the development of 
advanced tools, musical instruments, and art, 
seems to have arisen in humans in stages. The 
earliest hints are seen in Africa about 70 to 
90,000 years ago, but later in Europe about 
45,000 years ago. An ongoing discussion cen- 
ters on the origins and significance of human 
prosociality. During early human development, 
could the benefits of altruistic behavior have 
outweighed its costs (see the Perspective by 


EDITED BY STELLA HURTLEY 


Mace)? Bowles (p. 1293) constructed a model 
of conflict between groups of humans and 
extracted estimates of the critical parameters 
from archaeological and ethnographic data sets. 
Provocatively, it appears that warfare might have 
enhanced the emergence and persistence of 
altruistic behavior. Powell et al. (p. 1298) 
present a population model that shows that the 
development of modern behaviors may rely on 
the attainment of critical population densities 
and migratory patterns required for stable cul- 
tural transmission. The model is consistent with 
genetic inferences of population dynamics in 
Africa and Europe and suggests that these cul- 
tural changes may not solely reflect increased 
cognitive evolution. 


Mergers and Acquisitions 


The crystallization of small molecules or poly- 
mers is often described in terms of a nucleation 
stage, where initial clusters form, followed by a 
distinct growth stage. Growth can come from the 
addition of unbound molecules, or through 
“Ostwald ripening” where larger crystals grow at 
the expense of smaller ones due to thermody- 
namic effects. Zheng et al. (p. 1309) studied 
the growth of platinum nanocrystals inside a 
transmission electron microscope using a special 
liquid cell, allowing observation of crystal 
growth in situ. Both monomer addition to grow- 
ing particles and the coalescence of two particles 
were observed. The specific growth 
mechanism appeared to be governed 
by the size of each of the particles. 
The combination of growth processes 
makes it possible for an initially 
broad distribution of particles to 
narrow into an almost uniform one. 


Growing Graphene 


The highest quality graphene samples, single- 
atom-thick layers of carbon, are suspended 
flakes exfoliated from graphite, but these sam- 
ples are very small in size (square micro- 
meters). For many electronics applications, 
larger areas are needed. Li et al. (p. 1312, 
published online 7 May) show that graphene 
grows in a self-limiting way on copper films as 
large-area sheets (one square centimeter) from 
methane through a chemical vapor deposition 
process. The films, which are mainly one layer 
in thickness, can be transferred to other sub- 
strates and have electron mobilities as high as 
4300 square centimeters per volt second. 


Continued on page 1240 
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CALL FOR PAPERS 


Submit your research now 

to be one of the first to be 

considered for publication 
in the inaugural issue of 


Science 
Translational 
Medicine! 


Science Translational Medicine, 
to be published online weekly 
beginning in the fourth quarter 
2009, focuses on the conversion 
of basic biomedical research 

into practical applications, 

thus bridging the research-to- 
application gap. 


The editors of Science Translational Medicine 
are accepting manuscripts for review in the 
following areas: cancer, cardiovascular 
disease, metabolism/diabetes/obesity, neuro- 
science/neurology/psychiatry, immunology/ 
vaccines, infectious diseases, policy, behavior, 
bioengineering, physics, chemical genomics/ 
drug discovery, imaging, applied physical 
sciences, medical nanotechnology, drug de- 
livery, biomarkers, gene therapy/regenerative 
medicine, toxicology and pharmacokinetics, 
data mining, cell culture, animal and human 
studies, medical informatics, and other 
interdisciplinary approaches to medicine. 


>» Katrina L. Kelner, Ph.D. 
Editor 
American Association for 
the Advancement of Science 


Elias A. Zerhouni, M.D. 

Chief Scientific Adviser 

Senior Fellow, Global Health Program, 
Bill & Melinda Gates Foundation 
Former Director, 

National Institutes of Health 


Review the call for papers 
and information for authors, 
and submit your research at 
http://sciencemag.org/ 
marketing/stm/papers.dtl 


Recommend a subscription to your 
library: www.sciencemag.org/cgi/ 
recommend_subscription 


For more information, contact 
Editor Katrina Kelner, Ph.D. at 
scitranslmededitors@aaas.org 
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Integrating Medicine and Science 
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This Week in Science 


Continued from page 1239 


Defeating the Cuckoo 


Brood parasite-host interactions show ongoing antagonistic coevolution. What mediates rapid behav- 
ioral changes that do not reflect genetic change? Davies and Welbergen (p. 1318) show that reed 
warblers learn from their neighbors to behave aggressively toward models of the parasitic common 
cuckoo. Furthermore, reed warblers seem to be predisposed to learn to respond to cuckoos as ene- 
mies: Hosts that witnessed neighbors mobbing a harmless parrot model did not increase their 
aggression toward a cuckoo model. Thus, birds have templates for threats, and relevant antithreat 
behaviors can be turned on or off depending on social experience. 


Hox Clocks 


Homeobox or Hox genes are historically significant for demonstrating evolutionary conservation and 
homology in developmentally important genes. In addition, in many species, the Hox genes are fun- 
damental to the organization of the embryo. Modifications in the regulation of their colinear, tem- 
poral activation may represent a way of altering their expression patterns and to elaborate body 
plans during evolution. Soshnikova and Duboule (p. 1320) now report highly dynamic modifica- 
tions of chromatin marks along with progressive Hox gene activation during axial extension in the 
mouse. This work supports the proposal that the “Hox clock” may be controlled, at least in part, by 
epigenetic mechanisms. 


Starving T Cells 


The T,,17 lineage of CD4* helper T 


cells, characterized by the ability to 
secrete IL-17, is an important medi- 
ator of inflammation and autoim- 
munity. Dampening the responses 


of these cells or inhibiting their dif- 
ferentiation is of great therapeutic 


interest. Sundrud et al. (p. 1334; 
see the Perspective by Blander and Amsen) now show that the small molecule halofuginone 
inhibits the differentiation of T,,17 cells but not other CD4* T cell helper lineages both in vitro and 
in a mouse model of multiple sclerosis. This selective inhibition was mediated by activation of the 
amino acid starvation response. Amino acid depletion mimicked the effects of halofuginone, 
whereas excess amino acids rescued T,,17 differentiation. The results highlight the importance of 
amino acid metabolism in regulating inflammation. 


Rhes-olving Huntington's Disease? 


Huntington's disease (HD) is caused by a single dominant mutation of huntingtin (Htt), a protein that 
occurs in all tissues of the body and that is uniformly distributed throughout the brain. How mutant 
Htt (mHtt) selectively damages striatal neurons with negligible alterations elsewhere has been a mys- 
tery. Subramaniam et al. (p. 1327) show that Rhes, a small G protein very highly localized to the 
striatum, binds mHtt and augments its neurotoxicity. Rhes promotes sumoylation of mHtt, leading to 
its disaggregation and augmented cytotoxicity. The findings establish how mHtt selectively kills cells 
in the striatum and suggest that Rhes-Htt binding might provide a therapeutic target. 


Dissecting VWF's Thrombogenic Potential 


Von Willebrand factor (VWF) is secreted from cells in an ultralarge form (ULVWF) in response to 
thrombogenic stimuli. Shear forces expose a binding site for platelets, enabling formation of a 
hemostatic plug. The thrombogenic potential of VWF correlates with its length and is regulated by 
proteolytic cleavage of the A2 domain. Zhang et al. (p. 1330; see the Perspective by Gebhardt 
and Rief) now combine single molecule data and polymer dynamics theory to show that shear 
forces in the circulation are sufficient to unfold the A2 domain and allow cleavage of multimers 
with more than about 200 monomers. The A2 domain may thus represent the “shear bolt” of VWF, 
unfolding when multimers experience high forces to allow cleavage and down-regulation of throm- 
bogenic potential. 
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FDITORIAL 


Science for Future Physicians 


BIOMEDICAL RESEARCH IS RAPIDLY TRANSFORMING OUR UNDERSTANDING OF HEALTH AND DISEASE, 
with major implications for medical practice. But the science education of physicians has not kept 
pace with these advances. Today, the Association of American Medical Colleges (AAMC) and the 
Howard Hughes Medical Institute release a report that addresses this issue.* The analysis, by a 
committee of U.S. undergraduate and medical school faculty that we co-chaired, comes 6 years 
after the U.S. National Academies report BJO 2010, which noted that undergraduate premedical 
course requirements and the content of the Medical College Admissions Test (MCAT) constrain 
innovation in undergraduate science education. 

The new report, Scientific Foundations for Future Physicians, emphasizes that physicians 
must have a firm grounding in the biomedical sciences and understand their relation to the phys- 
ical sciences and mathematics. For physicians to be prepared for inquisitive, critical thinking and 
lifelong learning, they should also be able to incorporate the methods of 
science into their practice, including skeptical and critical analysis. These 
goals should be reflected across the entire span of a physician’s education, 
from undergraduate study through medical school. 

Medical school faculty have a short time in which to convey an in- 
depth understanding of specific medical knowledge and recent research. 
Students should arrive at medical school prepared in the sciences, includ- 
ing some areas not currently required, such as statistics and biochemistry. 
If all beginning medical students understand general biochemistry, for 
example, then faculty can build on this knowledge, creating more oppor- 
tunities to explore the synergistic relationships among biomedical 
science, research, and clinical medicine. Medical schools should also 
increase their emphasis on the importance of the physical sciences and 
mathematics in biomedical research and clinical practice. 

How should preparation for medical study be assessed? Medical schools generally deter- 
mine scientific readiness for admission by course requirements and scores on the MCAT, which 
mainly reflects the traditional content of those courses. In contrast, medical schools have long 
evaluated readiness for medical practice in terms of competency—specific learned abilities that 
can be put into practice—rather than by mandating standard courses and curricula for all med- 
ical schools. The report recommends that scientific readiness for medical school entry be 
assessed similarly: The current list of required premedical school courses should be replaced 
with required science competencies. Instead of a nationwide requirement that premedical 
undergraduates take specific chemistry classes, for example, a required competency might be 
described as being “able to apply knowledge of the chemistry of carbon compounds to biochem- 
ical reactions.” The report suggests competencies for premedical and medical school science 
education, recognizing that there may be multiple routes to gaining a competency. An integrated 
approach to both undergraduate and medical education may help both to innovate. 

A change in competency-based educational goals would allow undergraduate institutions the 
option to design new curricula. Chemistry competencies, for example, might be gained either in 
traditional chemistry courses or in rigorous interdisciplinary courses. Such innovations, aimed at 
increasing relevant scientific content and understanding, should also yield more efficient teach- 
ing. While recommending new competencies such as biochemistry and statistics, the report’s 
committee opposes a net increase in premedical science requirements. As the report states, “the 
undergraduate years should not be designed primarily to prepare students for professional school, 
but for creative engagement in a broad, intellectually expansive education.” In conjunction with 
the shift to competencies, the MCAT could be modified to test for competencies proposed by the 
committee. The new report coincides with an AAMC review of MCAT content, a multiphase 
process that will consider the report, among other inputs. 

In a system with so many participants, dialogue is essential to progress. Outreach to and feed- 
back from the scientific disciplines and medical community will enhance the success of these 
efforts. We urge colleagues to engage in this national discussion. — Sharon Long and Robert Alpern 


~ 


*See www.aamc.org/scientificfoundations. 
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GEOLOGY 


How Heat Stirs the Mantle 


In the aftermath of earthquakes, seismic tomogra- 
phy offers a window into mantle dynamics through 
large-scale inversion of recorded seismic velocities 
along different paths. Observed variations in 
velocity generally reflect mantle density, but the 
patterns could also indicate shifts in temperature, 
composition, grain size, or water content. To 
address this conundrum, Dalton et al. conducted a 
global inversion of seismic attenuation, which 
responds differently to variations in these parame- 
ters than does the shear-wave velocity. The data 
(constrained further by recent laboratory studies of 
the mineral olivine, abundant in the upper mantle) 
imply that temperature variations of about 150° to 
200°C can explain most of the patterns beneath 
ocean basins in the upper mantle but that a differ- 
ent composition must be invoked beneath conti- 
nents at depths less than 250 km. In a comple- 
mentary approach, Schuberth et al. focused on the 
lower mantle, comparing seismic data with a 
numerical mantle circulation model. They also 
found that much of the observed seismic data, 
including an apparent large upwelling beneath 
Africa, can be well accounted for by temperature 
variations alone (of up to 1000°C) produced by 
high heat flow from the core. — BH 
Earth Planet. Sci. Lett. 10.1016/j.epsl.2009.04.009 
(2009); Geochem. Geophys. Geosyst. 10, 
10.1029/2009GC002401 (2009). 


MATERIALS SCIENCE 
A Basic Deposit 


Manganese dioxide (MnO.) meets many of the 
requirements as an electrode in lithium (Li) batter- 
ies, but the bulk material exhibits low capacity and 
poor cycling because Li ion intercalation distorts 
the crystal lattice. Nanostructuring of the bulk 
material can alleviate some of the problems, but 
typical templating routes for creating mesoporous 
MnO, have not been cost-effec- 
tive. Liu et al. report on the 
deposition of meso- 
porous MnO, films 
through a two-step 
P) cathodic deposition 
b process driven by 
water electrolysis. 
Hydroxide ions gen- 
erated at the cathode 
ina 0.1MMn?* solu- 
tion formed Mn(OH)., 
which precipitated, and 
after exposure to air, formed 


1242 


’ “¢ 
J . ie * 
“8, eee 
. - 


During an infection, invading microbes can be caught in sticky webs of chromatin (DNA + 
histones) that are released by neutrophils. These neutrophil extracellular traps are decorated 
with granules that are laden with lytic enzymes and antimicrobial peptides; these weapons 
facilitate the rapid killing of pathogens. 

In small-vessel vasculitis (SVV), the body generates antibodies against two antigenic pro- 
teins that are expressed by neutrophils, and this leads to the inflammation of small blood 
vessels. How this chronic condition is sustained has not been clear, but Kessenbrock et al. 
have found that these nets are also produced in the absence of infection and that they may 
perpetuate autoimmune disorders. It appears that when neutrophils are attacked by these 
autoantibodies, they release their fibrous chromatin nets (shown above), which contain the 
two antigens. Kidney biopsies from patients with SVV confirmed the presence of neutrophils 
and nets near deteriorating capillaries. This immune response probably maintains the expo- 
sure of the autoantigens to other immune cells (dendritic and B cells), whose consequent 
activation could play a pathogenic role in the disease. — LC 

Nat. Med. 15, 10.1038/nm.1959 (2009). 


MnO,;0.5 H,0. This material has a nanowall-array 
morphology (shown at left) with high surface area 
(96 m?g 4) and an energy storage capacity with Li 
ions of 256 mAthour g~ 1. The higher capacity and 
better cycle life of this material, relative to the 
material formed directly in an anodic version of 
the process (80 mAchour g~ +), were attributed to 
the mesoporous structure of the nanowalls. — PDS 
Adv. Funct. Mater. 19, 1015 (2009). 
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BEHAVIOR 
Intervening to Reduce Risk 


There have been many discussions of how genes 
and environment might interact in the context of 
human behavior. Brody et al. have studied the 
effects of a randomized behavioral intervention 
on adolescents who have a genetic polymorphism 
associated with the initiation of risky behavior. 
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CREDIT: JIE QIN 


Roughly 600 11-year-olds were randomly 
assigned to the Strong African American Families 
(SAAF) program or to a control group. The SAAF 
group (and their caregivers, usually mothers) par- 
ticipated in separate and joint training sessions on 
parenting practices, stress management, dealing 
with racism, setting goals, and norms for the use of 
alcohol and other substances. Sessions occurred 
over the course of 1 year, and the initiation of risky 
behaviors was assessed at the beginning of the 
program and for the next 2.5 years. Two years 
later, saliva samples were collected to look for a 
polymorphism in the promoter region of the sero- 
tonin transporter. Possession of a short form of the 
allele has been associated previously with impul- 
sivity, substance abuse, and early sexual activity. In 
the control group, adolescents with the short allele 
were twice as likely to have engaged in risky 
behaviors as those assigned to the SAAF group or 
those with the long allele in either group. Only one 
genetic polymorphism was examined, and the 
results need to be confirmed in a variety of popula- 
tions; however, this provides further evidence of 
the value of this intervention and the mutability of 
the effects of genetic predisposition. — BJ 

Child Devel. 80, 645 (2009). 


BIOCHEMISTRY 
Stuck in the On Position 


Protein kinases are of course central components 
of many signaling pathways in cells. Cascades of 
kinases, in which the first kinase in a series modi- 
fies the second and enhances its enzyme activity, 
are not uncommon, and BRAF sits in a pathway 
that begins with a membrane-bound receptor 
tyrosine kinase and ends with the movement of 
the extracellular signal-regulated kinase into the 
nucleus. The spe- 
cial interest in 
BRAF arises from 
the frequent 
association of a 
mutation (V600E) 
of avaline toa 
glutamate with 
malignant 
melanoma. Xie et 
al. describe 
kinetic and struc- 
tural studies of the interaction of wild-type and 
mutated forms of BRAF with kinase inhibitors built 
ona ruthenium (fuschia above) half-sandwich 
scaffold. They provide a structure-based expla- 
nation for the higher potency of one such 
inhibitor (CS292) for the V600E mutant versus 
the wild-type enzyme and use this information 
to design a more specific and more potent 
derivative. They also explain how the substitu- 
tion of a glutamate electrostatically mimics the 
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normal, activating phosphorylation of nearby 
serine and threonine residues, but with the criti- 
cal distinction that activation in the BRAF 
mutant is irreversible. — GJC 

Biochemistry 48, 10.1021/bi802067u (2009). 


CHEMISTRY 
Microscopic Window Washing 


High-resolution imaging of organic polymers in a 
transmission electron microscope (TEM) is ham- 
pered by the accumulating residue of electron 
beam—induced sample decomposition. Horiuchi et 
al. solve this problem through gentle cleaning of 
their microscope with oxygen radicals generated 
in a low-temperature plasma near one of the 
accessory ports. An extra pumping system added 
at the objective aperture pulled the oxygen radi- 
cals into the sample chamber. The authors used 
their TEM to examine brushes of a phosphoryl- 
choline that had been grafted onto silicon 
nanoparticles via a surface initiator. Once oxida- 
tion (and hence volatilization) of the residue 
cleared the field, they could see the brushes 
extending from a nanoparticle, and even visualize 
the intermingling of brushes in two neighboring 
particles. Mapping of the intensity profiles distin- 
guished the initiator, with a high carbon density 
near the particles and the broader brushes where 
the carbon density was lower. — MSL 

ACS Nano 3, 1297 (2009). 


CELL BIOLOGY 
Wrestling with Heat Shock 


Golebiowski et al. have conducted a comprehen- 
sive large-scale analysis of protein SUMOylation. 
Small ubiquitin-like modifier (SUMO) proteins, 
when covalently attached to target proteins, can 
alter properties such as the cellular localization, 
activity, or stability of the targets. By combining 
an affinity-tagging isolation method with sensi- 
tive mass spectrometry detection, the authors 
obtained a glimpse of 766 proteins that experi- 
enced increased or decreased SUMOylation in 
cells exposed to the stress of heat shock (a tem- 
perature increase from 37° to 43°C). Three-quar- 
ters of these proteins had not been identified pre- 
viously as targets of SUMOylation. These proteins 
provide clues to the extent of the biological 
processes that are altered by heat shock—from 
DNA repair and protein folding to cell death and 
cell cycle control. Furthermore, this regulatory 
mechanism operates quickly, within 5 min, 
although reversal of SUMOylation was generally 
slower, taking up to 2 hours—and for those pro- 
teins that underwent deconjugation in response 
to stress, an even longer recovery time was 
needed for re-SUMOylation. — LBR 

Sci. Signal. 2, ra24 (2009). 
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The Eclipse That 
Proved Relativity 


Last week, a trio of U.K. scientists trooped to the 
little-known island of Principe off the West Coast 
of Africa to celebrate one of the most renowned 
experiments of the 20th century. 

Astronomers Pedro Ferreira of the University 
of Oxford, Richard Massey of the University of 
Edinburgh, and Oxford anthropologist Gisa 
Weszkalnys visited the site where a team led by 
British astrophysicist Arthur Stanley Eddington 
photographed stars during a total solar eclipse on 
29 May 1919 (noted above in the 22 November 
1919 edition of The Illustrated London News). 
The stars in the constellation Hyades appeared to 
be slightly in the wrong place. The shift showed 
that the sun’s mass had warped the path the 
starlight followed through space, a key prediction 
of Albert Einstein's then-new general theory of 
relativity. The 21st century scientists gave talks 
and unveiled a plaque at the plantation where 
Eddington’s observations were made. 


Tuned to Bond 


If music be the food of love, could there be an 
overlap between genes for musicality and social 
bonding? Researchers in Finland claim to have 
found an association between musical aptitude 
and certain versions of a hormone related to 
attachment behavior. 

Ateam led by geneticist Irma Jarvela of the 
University of Helsinki gave 343 people from 
19 Finnish families—all containing musicians— 
aptitude tests for pitch discrimination, time 
discrimination, and auditory structuring ability 
(detecting changes in the order or number of 
small tone sequences). They then collected 
blood samples from 298 participants. 

The team found musical aptitude to have a 
strong genetic component, with heritability from 
the combined tests estimated at 0.44. The scien- 
tists looked for associations between musicality 


| RANDONVISANVIE 


and several behavior-related genes and found 
one: two variants of a receptor gene for arginine 
vasopressin (AVPR1A). That's the stuff impli- 
cated in turning promiscuous voles into monog- 
amous ones; it’s also been associated with social 
attachment in humans (Science, 7 November 
2008, p. 892). 

The finding suggests that the “neurobiol- 
ogy of musicality is related to pathways affect- 
ing ... attachment behavior,” the authors 
reported last week in PLoS ONE. Neuroscientist 
Nina Kraus of Northwestern University in 
Evanston, Illinois, says the paper addresses a 
“hot topic.” Experts debate whether music is 
just an evolutionary frill. If a genetic link is 
established between music and social bonding, 
she says that “could have far-reaching implica- 
tions ... [meaning] that music plays a role in 
human evolution.” 


But No Cats for Rover 


The next Mars rover will be named Curiosity, 
thanks to a 12-year-old girl from Lenexa, 
Kansas. Clara Ma's essay suggesting that name 
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was one of 9000 proposals NASA received from 
students around the country. 

“Curiosity is an everlasting flame that burns 
in everyone's mind,” Ma wrote. “It makes me 
get out of bed in the morning and wonder what 
surprises life will throw at me that day. Curiosity 
is such a powerful force. 
Without it, we wouldn't be 
who we are today. Curiosity 
is the passion that drives 
us through our everyday 
lives. We have become 
explorers and scientists 
with our need to ask ques- 
tions and to wonder. ... 

We will never know every- 

thing there is to know, but 
with our burning curiosity, 
we have learned so much.” 

Ma is being rewarded 
with a trip to NASA's Jet 
Propulsion Laboratory in Pasadena, California, 
where she will get to sign her name on the 
rover. Currently being assembled, it is scheduled 
for launch in 2011. 


When workers dug up a fossil while building a dump for a country house in the hills west of 
Barcelona, Spain, a half-dozen years ago, they had no idea that they had uncovered a treasure 
trove of fossils. Among them was a new species of ape that lived 11.9 million years ago, accord- 
ing to a report in the current issue of the Proceedings of the National Academy of Sciences. The 
discovery literally puts a face on a type of Miocene ape that may have given rise to African apes— 
gorillas, chimpanzees, bonobos, and humans—says paleontologist Salvador Moya-Sola of the 
Institut Catala de Paleontologia in Barcelona. 

The new ape, called Anoiapithecus brevirostris, may offer clues about whether apes in 
Eurasia or Africa gave rise to great ape lineages, says Moya-Sola. The jaw has traits that could tie 
it to later African apes: a deep upper palate and thick tooth enamel. The relatively flat midface 
and high-crowned canines are also reminiscent of hominids, the offshoot that led to modern 
humans. But the authors also acknowledge that the traits could have arisen independently both 
in Europe and in Africa. This ape would have been an evolutionary dead end if, as most scien- 
tists believe, great apes emerged in Africa. 
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PARTICLE PHYSICS 


Quaternary 
preserved 


Going deep. Chinese scientists 
hope this tunnel will soon host a 
premier underground lab. 


Chinese Scientists Hope to Make 
Deepest, Darkest Dreams Come True 


Particle physicist Yue Qian had his eureka 
moment in front of the TV set. For over a 
decade, Chinese scientists have longed for an 
underground laboratory that would enable 
them to join efforts across the globe to detect 
dark matter, observe neutrinos, and watch for 
exotic particle physics phenomena. Searches 
for suitable sites repeatedly came up empty- 
handed. But last August, after Yue caught a 
news report on the completion of two tunnels 
piercing Jinping Mountain in Sichuan 
Province, he felt that the long quest for such a 
lab might finally be over. 

After months of negotiations, on 8 May 
Tsinghua University in Beijing, where Yue is 
an associate professor, signed an agreement 
with the tunnels’ owner, Ertan Hydropower 
Development Co., to hollow out an experi- 
mental chamber. The Jinping lab would be the 
deepest underground science facility in the 
world, edging out—by 100 meters or so—the 
Deep Underground Science and Engineering 
Laboratory that the U.S. National Science 
Foundation may build in an abandoned mine in 
Lead, South Dakota. By placing sensors deep 
in the earth, physicists hope to reduce spurious 
signals from cosmic rays. China’s subter- 
ranean aspirations have been circulating in 
Asia for months; the international community 
will get its first glimpse of the project at a dark- 
matter workshop in Shanghai on 15 June and 


at an astroparticle and underground physics 
conference in Rome next month. 

An underground lab has been a dream for 
several generations of Chinese scientists, says 
Wang Yifang, a particle physicist at the Insti- 
tute of High Energy Physics of the Chinese 
Academy of Sciences in Beijing. Past candi- 


Sichuan Province 


Jinping | 


Jinping II 


Headrace tunnels 


Yunnan Province 


Jinsha Rive, 


Short cut. Tunnels between the Jinping dams on the 
Yalong River offer a serendipitous lab site. 


The evolution 
of sex 


date sites, including an underground aviation 
museum near Beijing and coal and gold mines 
around the country, all were judged too shal- 
low or impractical. 

Jinping, on the other hand, “looks ideal,” 
Wang says. The lab would have approximately 
2500 meters of marble and sandstone above 
it: more shielding than any similar site in 
the world. Researchers will be able to make a 
1-hour drive from a regional airport to the 
lab’s front door. And the tunnels are sized for 
construction equipment, promising smooth 
delivery of instruments and supplies. 

Wang cautions that the lab is not a done 
deal. “It’s really at a very early stage,” he 
says. To start with, Yue’s group must verify 
that the rock overburden really does screen 
out unwanted cosmic rays and that there is no 
unexpected radiation emanating from nearby 
rock or groundwater. To provide space for 
instruments, by the end of the year the team 
plans to have hollowed out a 5-meter-high, 
5-meter-wide, 30-meter-long chamber. They 
will then measure cosmic ray flux and back- 
ground radiation for about 6 months. And 
they will begin at least one experiment. Yue 
is forming a collaboration to install a germa- 
nium detector to search for a postulated com- 
ponent of dark matter known as WIMPs, or 
weakly interacting massive particles. Chi- 
nese physicists are also talking about obser- 
vations of atmospheric and solar neutrinos as 
well as experiments to watch for neutrinoless 
double-beta decay, an extremely rare phe- 
nomenon that might help refine estimates of 
neutrino mass. 

Yue doesn’t yet know what the first phase 
will cost, as design efforts are just starting. 
“But [Tsinghua] university has promised 
strong support,” he says, and they are seeking 
funds from the science ministry. If the project 
develops as hoped, says Yue, “we would want 
to get more universities and institutions from 
China and around the world to join us and 
push this project ahead.” 

The good fortune befell physicists thanks 
to a mammoth hydroelectric project about 
350 kilometers southwest of Chengdu, the 
capital of Sichuan Province, where the Yalong 
River makes a 150-kilometer-long U-turn 
around Jinping Mountain. Ertan Hydropower 
is building two dams: Jinping | at the start of 
the U-turn and Jinping 2 at the end. To move 
workers and materials between the construc- 
tion sites, Ertan blasted a pair of 17-kilometer- 
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long access tunnels through the mountain. 
One will host the lab. 

The hydropower project is controversial 
because some geologists think the weight of 
the impounded water could destabilize faults 
in the earthquake-prone region (Science, 8 May, 
p. 714). The prospect of an underground lab, 
though, is warmly welcomed by physicists 
throughout Asia. “It certainly is good news,” 


RESEARCH FACILITIES 


Hydrogen pullback 
prompts backlash 


says Henry Wong, a physicist at Academia 
Sinica in Taiwan, who will collaborate with 
Yue on the dark-matter experiment. Wong 
says he expects the lab to strengthen scien- 
tific ties between Taiwan and mainland 
China. Kim Sun Kee, a particle physicist at 
Seoul National University, is also enthusias- 
tic. “Compared to other regions, in Asia, we 
don’t have many underground labs,” he says. 


Galaxy evolution 
in isolation 


Kim spearheads a collaboration hunting for 
dark matter in a lab in South Korea’s Jeom- 
bong Mountain (Science, 6 July 2007, p. 32). 
But the Korean lab is only 700 meters beneath 
the surface, and more sensitive detectors now 
being contemplated by the community would 
need better shielding. Jinping, says Kim, 
“will be a great place for next-generation 
experiments.” —-DENNIS NORMILE 


European Neutron Source Finally Finds a Home 


After a frustrating decade watching their pre- 
eminence in neutron-beam science ebb away 
to newer facilities in the United States and 
Japan, European researchers got some good 
news last week: Their €1.4 billion dream 
machine, the European Spallation Source 
(ESS), which has been on the drawing board 
for more than 15 years, overcame a major hur- 
dle when the countries interested in funding 
the project picked a site on which to build it in 
Lund, Sweden. “This is the real thing, some- 
thing we can focus on and move forward,” says 
Robert Cywinski of the University of Hudder- 
sfield in the United Kingdom, spokesperson 
for the ESS preparatory phase project. 

Government ministers are not getting out 
their checkbooks yet, as there is still much to 
sort out, including a final site-specific design 
and an environmental impact assessment, as 
well as obtaining planning permission and fig- 
uring out exactly which countries want to join. 
But as with other major European research 
facilities, choosing a site—Lund won out over 
rivals Debrecen in Hungary and Bilbao in 
Spain—is always a tense and deeply political 
part of the process. ESS will be “the first Euro- 
pean experimental facility in Sweden and the 
first outside the big five E.U. nations.” says 
Colin Carlile of Lund University, who headed 
the effort to bring ESS there. 

ESS will surpass current U.S. and Japanese 
neutron sources in power, unless they upgrade 
in the meantime. Neutron beams are used by a 
wide variety of researchers to probe how atoms 
are arranged within materials and how they 
interact. Beams of the particles can be pro- 
duced using a nuclear reactor or by smashing a 
proton beam into a metallic target, a process 
known as spallation. 

In the 1990s, Europe had the top two neu- 


Research fields. An artist's impression of ESS at Lund, with the 
doughnut-shaped MAX IV synchrotron. 


tron sources: a reactor in France and a spal- 
lation source in the United Kingdom. U.S. 
researchers at the time were facing a neutron 
drought after a planned reactor was canceled 
in 1995. But the Spallation Neutron Source 
in Oak Ridge, Tennessee, got the green light 
in 1998 and opened for business in 2007 
with a 1.5-megawatt beam. J-PARC, a multi- 
accelerator facility in Tokai-mura, Japan, is 
in the process of commissioning its 1-MW 
neutron beamline. 

Although Europe drew up plans for a 10- 
MW spallation source in 1995, no European 
government seemed to want to pick up the ball 
and run with it. By 2003, ESS seemed all but 
dead, despite a cost reduction by downgrading 
to 5 MW. Cywinski blames this impasse on 
the fact that Europe “doesn’t have one 
doorstep on which to put a proposal.” Instead, 
researchers have to find a government to 
champion their idea and build a group of col- 
laborators, a process known in E.U. circles 
as “variable geometry.” Says Cywinski: 
“Variable geometry doesn’t work, or we 


would have had ESS years ago.” 

ESS finally got a shot in the 
arm from the European Strategy 
Forum on Research Infrastruc- 
tures, an E.U. body that in 2006 
drew up a list of facilities that 
would benefit European research, 
describing ESS as a mature proj- 
ect. That stamp of approval led 
to E.U. money for preparatory 
work and several countries step- 
ping up to offer possible sites. The 
Swedish government, for exam- 
ple, offered to pay 50% of ESS’s 
construction cost and 20% of 
operating expenses. The site at 
Lund will also be home to a new Swedish- 
built synchrotron, an intense source of x-rays 
for research, and ESS will aim to be carbon- 
neutral through a joint project with a wind- 
energy company. 

Sweden worked hard to get neighboring 
countries in Scandinavia and the Baltic on 
board before the vote. The final decision was 
made on 28 May after a group of research 
ministers from 12 countries interested in par- 
ticipating met to discuss the bids and then the 
non-bidding countries voted. Seven declared 
they would join the Lund effort—Germany, 
France, Poland, Denmark, Norway, Estonia, 
and Latvia—and two others, Italy and 
Switzerland, backed the Lund site. Portugal 
voted for Bilbao. 

Sweden must cement the collaboration 
over the next few months with a memoran- 
dum of understanding signed by the partners 
and attempt to bring Italy and Switzerland as 
well as defeated rivals Spain and Hungary 
into the collaboration. Construction is pen- 
ciled in to start in 2012. -DANIEL CLERY 
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Get recognized! 
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This annual international research prize recognizes 
Deadline for entries accomplishments in neurobiology research based on 
June 15, 2009 methods of molecular and cell biology. The winner and 
finalists are selected by a committee of independent 
scientists, chaired by the Editor-in-Chief of Science. 
For more information Past winners include postdoctoral scholars and 
www.eppendorf.com/prize assistant professors. 


To be eligible, you must be 35 years of age or younger. 
If you're selected as this year’s winner, you will receive 
eppendorf $25,000, have your work published in the prestigious 
In touch with life AY journal Science and be invited to visit Eppendorf in 
l AAAS Hamburg, Germany. 
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The Quaternary Period Wins Out in the End 


Geoscientists have cut the Gordian knot of 
geologic timekeeping. Ever since 19th cen- 
tury geologists divided the history of Earth 
into four periods—the Primary, Secondary, 
Tertiary, and Quaternary, oldest to most 
recent—their intellectual descendants have 
been dismantling that time scale. But the 
geologists, anthropologists, glaciologists, 
and paleoecologists studying the last couple 
of million years became quite attached to the 
Quaternary. They gave its name to their jour- 
nals and even themselves—to the dis- 
gruntlement of strict constructionists, who 
have been insisting for decades that the 
modern rules for dividing up geologic time 
permitted neither the Quaternary nor quater- 
narists (Science, 25 January 2008, p. 402). 

On 21 May, the final committee vote on 
the question was announced: The quaternar- 
ists will endure. Pending an almost certain 
ratification by the ultimate authority—the 
International Commission on Stratigraphy 
(ICS)—the Quaternary will officially take 
over the past 2.6 million years of the geo- 
logic time scale, when humans took up tools 
and the world began slipping in and out of 
the ice ages. 

“The Quaternary Commission is greatly 
relieved and pleased,” says Philip Gibbard of 
the University of Cambridge in the United 


From Science's Online 
Daily News Site 


Preventing a Plant Apocalypse. Sometime 
between 100 million and 1 billion years from 
now, Earth will have lost so much carbon diox- 
ide from its atmosphere that plants and trees 
will literally begin suffocating, eventually tak- 
ing all life with them. In a new study, 
researchers propose one way to delay this 
Armageddon: reduce the pressure of the 
atmosphere, effectively creating conditions 


where we all feel like we're living at high alti- 
tudes. http://tinyurl.com/kqj3sc 


A Billion-Year Hard Drive. That embarrassing 
home movie of you naked in the tub could still 
be around millions of years from now, along 
with your less-than-eloquent posts on Facebook 
and Twitter. Researchers have developed a new 
technology based on carbon nanotubes that 
promises to permanently preserve individual 
bits of data, such as those found on computer 


Kingdom, who is 
president of the com- 
mission, a subgroup 
of ICS. Nomenclature 
“is not set in stone, 
even in geology,” says 
Gibbard. “It’s just a 
question of changing 
the label.” 

Not quite. “It makes 
no sense, it creates 
havoc, we’re going to 
ignore it pretty much,” 
says marine geologist 
Marie-Pierre Aubry of 
Rutgers University in 
Piscataway, New Jersey, who with others 
vociferously opposed the change. The ICS 
committee’s 16-to-2 vote, she notes, not 
only usurps the last 2.6 million years of the 
Neogene period for the Quaternary but also 
extends the subsidiary Pleistocene epoch 
from 1.8 million years ago to 2.6 million 
years at the expense of its predecessor, the 
Pliocene epoch. Everyone had agreed on 
how to identify the original time boundaries 
according to consistent rules, she says; the 
vote throws those rules out the window. 
“You have to respect scientific principles,” 
Aubry says. “If you don’t, things don’t 


hard drives and DVDs. If so, the technology 
could lead to data archives holding the entirety 
of human thought and communications poten- 
tially forever. http://tinyurl.com/Lxrffu 


iPS Cells to the Res- 
cue. Two papers pub- 
lished this week appear 
to bring the day closer 
when embryonic-like 
stem cells can be used 
to treat human diseases. 
One study describes 
what scientists say is the safest method yet to 
produce these cells. The other reports success 
in using the cells to begin correcting a rare 
genetic disorder known as Fanconi anemia. 
http://tinyurl.com/mogfdz 


Quantum Widget. The strange rules of quan- 
tum mechanics govern the behavior of tiny 

objects and explain the structure of atoms, the 
subtleties of chemical bonding, and the inner 


make sense any more.” 

“Technically, [Aubry] is absolutely right, 
but I don’t think it’s going to make a great 
deal of difference in our community,” says 
paleoceanographer Lloyd Keigwin of 
Woods Hole Oceanographic Institution in 
Massachusetts, who was not involved in the 
debate. Researchers analyzing the marine 
record are usually concerned with changes 
through time, he says, not so much where an 
event stands in relation to broadly spaced 
time markers. “From a practical standpoint, 
we may have to move on,” he concludes. 

—-RICHARD A. KERR 


ScienceNOW.org ; 


working of electronic microchips. Ironically, 
although the theory is called quantum 
mechanics, physicists have never produced a 
machine whose motion demonstrates quantum 
weirdness. Now a team from the National 
Institute of Standards and Technology in Boul- 
der, Colorado, has taken a step in that direc- 
tion by forging a bizarre quantum connection 
called entanglement between two mechanical 
widgets. The devices don’t look much like typi- 
cal machines, however: Their moving parts are 
ions oscillating in electric fields. 


So Long Aspirin, Hello Silver. Millions of 
people around the world are prone to danger- 
ous blood clots. Now researchers have had 
early success with a new way to prevent 
them—and the strokes, heart attacks, and 
pulmonary embolisms they cause. Nano-sized 
particles of silver can stop sticky blood cells 
called platelets from clinging together in labo- 
ratory strains of mice, the team reports. 
http://tinyurl.com/lcof8s 
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U.S. HIGHER EDUCATION 


Report Finds No Gender Bias in Faculty Hiring, Resources 


A new report by the U.S. National Academies 
says that women are getting a fair shake from 
major research universities in being hired, pro- 
moted, and given access to resources—once 
they can grab onto the academic ladder and 
start climbing the rungs. 

That conclusion may surprise those familiar 
with a stream of recent reports on the topic, 
including a 2006 academies’ study that 
demanded an end to what it called the “bias and 
outmoded practices” hindering the progress of 
women in academic science. The good news, 
says the report, is that “men and women faculty 
... have enjoyed comparable opportunities, and 
gender does not appear to have been a factor in 
a number of important career transitions and 
outcomes.” The bad news, however, is that too 
many scientifically trained women are reject- 
ing academia in favor of other career paths. 

“Td hate for anybody to read this report and 
think that we can be complacent,” says physi- 
cist Claude Canizares, vice president for 
research at the Massachusetts Institute of Tech- 
nology in Cambridge and co-chair of the new 
report, Gender Differences at Critical Transi- 
tions in the Careers of Science, Engineering, 
and Mathematics Faculty. “While women can 
take some encouragement from the fact that 


NEWSMAKER INTERVIEW 


there is no evidence of large-scale bias at these 
key transition points, the reasons for their con- 
tinued underrepresentation need to be exam- 
ined more closely.” 

The study, requested by Congress in 2002 
and supported by a $1.3 million grant from the 
National Science Foundation, focuses on 
three important transitions: getting a tenure- 
track position, winning tenure, and being pro- 
moted to full professor. It’s based on surveys 
of 500 departments at 89 institutions and of 
1800 faculty members in those departments. 
Although legislators had initially wanted a 
sweeping review of “gender differences” 
among all faculty members at all institutions, 
the academy panel decided to save time and 
money by concentrating on full-time faculty 
members from six disciplines—biology, 
chemistry, civil and electrical engineering, 
mathematics, and physics—who work at the 
top tier of research universities. 

Within that population, the panel found that 
women are actually more likely than men to be 
interviewed for and offered tenure-track jobs 
(see graphic, p. 1251) and just as likely to be 
successful when they come up for tenure. But 
taking the first step is where the problems seem 
to lie. According to the report, many fewer 


Eugenie Scott Toils in Defense of Evolution 


As executive director of the California-based 
National Center for Science Education, 
anthropologist Eugenie Scott has spent the 
past 2 decades on the frontlines of the con- 
tentious battle over teaching evolution in 
US. public schools. She doesn’t confine her- 
self to the classroom and courthouse: Every 
year, she and geologist Alan Gishlick lead a 
rafting trip through the Grand Canyon, 
teaching a general audience about the sci- 
ence and natural history of the canyon and 
comparing the evidence with the creationist 
explanation of its origins. 

Last week, Scott won the inaugural 
Stephen Jay Gould Prize from the Society for 
the Study of Evolution, only weeks after Sci- 
entific American ranked her among the coun- 
try’s top 10 science and technology leaders 
for her self-described role as “Darwin’s 
golden retriever.” Scott spoke to Science last 
week about where things now stand. 

—-YUDHIJIT BHATTACHARJEE 


Q: How has this battle changed in the past 
20 years? 

E.S.: The enemy has become more diverse. 
When I started, it was just creation science. 
Now we have creation science, intelligent 
design [ID], and straight-up antievolution 
in the form of “evidence against evolu- 
tion.” It used to solely be a K—12 issue. 
Now we are seeing that it crops up fre- 
quently in community colleges and even 
4-year colleges. 


Q: What's the current situation in the 
various states? 

E.S.: Besides periodic assaults on science 
standards as we recently saw in Texas, we 
are concerned about antievolution legisla- 
tion in different states under the guise of 
academic freedom bills. Just in the last few 
weeks, antievolution bills awaiting deci- 
sions in a number of states—Oklahoma, 
South Carolina, Alabama—died in com- 


women bid for tenure-track positions than 
would be expected based on their proportion of 
the Ph.D. pool. Although university outreach 
efforts had no apparent effect on attracting 
more women applicants, one factor did make a 
difference: Women are more likely to apply ifa 
woman is chairing the selection committee or 
serving on it. 

Once women take the job, they also often 
face a tougher climb up the ladder than their 
male colleagues. The survey found that fac- 
ulty women “were less likely to engage in con- 
versation with their colleagues on a wide 
range of professional topics,” including 
research, salary, and benefits. The panel also 
found that women remain assistant professors 
significantly longer and that the attrition rate 
is higher before coming up for tenure. 

Donna Nelson, a chemistry professor at the 
University of Oklahoma who has done pioneer- 
ing work on the status of women in academic 
science, says that the panel’s findings match 
what she hears on campuses. “Women tell me 
all the time that they feel isolated. It’s harder to 
feel good about your work, and be productive, 
if you’re not being included in conversations 
and collaborations.” Nelson also emphasized 
the need for more women applicants to entry- 


Hard facts. Eugenie Scott leads rafting trips 
through the Grand Canyon. 


mittee. Louisiana passed antievolution leg- 
islation last year; we’re now waiting to see 
how it plays out. We are also seeing closet 
creationism being introduced through 
wording not obvious to those unfamiliar 
with the history of the controversy. 


Q: Why has the ID movement survived the 
2005 Dover trial? 
E.S.: ID proponents have repackaged ID 
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Actual % of All-Male Probability of Actual % of All-Male Probability of 

Interview Pools All-Male Pools Interview Pools All-Male Pools 
Biology 25 18 22 24 
Chemistry 50 24 22 37 
Civil Engineering 46 35 33 42 
Electrical Engineering 42 62 35 56 
Mathematics 39 44 13 33 
Physics 3 35 38 50 


Job hunting. Women are underrepresented in the applicant pool (top), but once in the 


running, their chances generally improve 
biology, chemistry, and civil engineering. 


level, tenure-track positions. “If universities 
narrow the pool at the onset,’ she notes, “then 
women will have a harder time even getting on 
the radar screen.” 

Canizares said that the panel took the 
unusual step of conducting its own research 
because “there were no data to answer the 


and are promoting it as “evidence against 
evolution.” The Discovery Institute, an ID 
think tank, has published Explore Evolu- 
tion that quotes a “number of problems” 
with evolution that they would like taught 
in biology class. Of course, these are stan- 
dard creationist arguments. 


Q: Why hasn't the general public rejected 
ID? 

E.S.: Only 40% of adult Americans under- 
stand the nature of a scientific experiment. 
Remember that ID is primarily a market- 
ing strategy to the general public, and 
unless that is directly opposed, people are 
going to be miseducated about science. 
We don’t have to worry about medical 
schools teaching that AIDS is a curse from 
God, but we have to worry about teachers 
teaching well. 


Q: Why is it important to teach evolution? 
Can't doctors and most life scientists do 
their jobs without accepting evolution? 

E.S.: You can be a mechanic without under- 
standing the niceties of the internal com- 


. The exception is for tenured jobs (above) in 


questions we were interested in addressing.” 
He hopes that federal agencies and universi- 
ties will recognize the need to gather longitu- 
dinal data on the career paths of women. 
“And I'd suggest that we start with our own 
graduate students.” 

—JEFFREY MERVIS 


bustion engine. [But] wouldn’t you rather 
go to a mechanic who has the big picture? 


Q: What should scientists do to help the 
cause? 

E.S.: Universities need to do a better job of 
teaching evolution because that’s where 
high school teachers get their training. 
Evolution needs to be brought into every 
course of biology instead of getting tacked 
on as a unit to the intro class. 

What university scientists should not 
do is to force students to choose between 
religion and science. If a professor were to 
say that evolution proves there is no God, 
that’s not just bad philosophy of science, it 
ensures that a significant number of stu- 
dents will stick their fingers in their ears. 

When explaining biological questions, 
such as the evolution of the eye, there is no 
need to say that God had nothing to do with 
it. It’s an irrelevant comment. I don’t think 
a classroom is an appropriate place to try 
to create more atheists any more than it is 
an appropriate place to create more funda- 
mentalist Christians. 


NEWS OF THE WEEK 


Sciencelnsider 


From the Science 
Policy Blog 


A call to include damage to oceans in cli- 
mate policy, a trio of new government 
ministers in India, and a contrarian 
analysis of swine flu data were among the 
stories covered by Sciencelnsider in the 
past week. 


Scientific academies have joined forces to 
warn world leaders about the dangers of 
ocean acidification. The InterAcademy 
Panel on International Issues, with mem- 
bers representing 69 countries, issued a 
statement this week recommending that 
the United Nations Framework Conven- 
tion on Climate Change take up the issue 
before the U.N. Climate Change Confer- 
ence in Copenhagen in December. The 
oceans are absorbing a quarter of indus- 
trial emissions of carbon dioxide, increas- 
ing their acidity and harming marine life. 


India’s prime minister, Manmohan 
Singh, has named leaders with deep tech- 
nical expertise to his cabinet. The new sci- 
ence minister is Prithviraj Chavan, a politi- 
cian from western India who was educated 
as a mechanical engineer at the University 
of California, Berkeley. Singh appointed 
Kapil Sibal, a lawyer and respected former 
science minister, as minister of human 
resources development, which includes the 
education portfolio. Mechanical engineer 
Jairam Ramesh becomes minister of envi- 
ronment and forests. 


Sciencelnsider’s ongoing coverage of the 
swine flu outbreak includes an analysis 
that contradicts the view of the U.S. Centers 
for Disease Control and Prevention that 
cases in the country might have crested. 
Donald Olson, a New York City-based epi- 
demiologist who runs the influenza moni- 
toring project at the International Society 
for Disease Surveillance, says his data show 
“massive increases” in Boston and New York 
City, which look “mild” in the CDC regional 
data. Olson says New York City’s drop and 
then rise in cases may soon be repeated 
around the country. 


Stay on top of the latest science policy 
news at blogs.sciencemag.org/ 
scienceinsider. 
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Water Flea Boasts Whopper Gene Count 


Packed into a body no bigger than the letters 
on this page is a whale of a genome. The 
body belongs to Daphnia pulex, a crustacean 
common in lakes and ponds around the 
world. Since 2004, the Department of 
Energy Joint Genome Institute in Walnut 
Creek, California, and a consortium that now 
numbers 350 investigators from 17 countries 
have been sequencing and analyzing the 200- 
million-base genome from a Daphnia that 
lived in a pond along the Pacific coast of 
Oregon. It is one of just two noninsect arthro- 
pods to be deciphered to date. 

At first glance, the genome seemed to have 
about 25,000 genes—a lot, but no record- 
breaker. Eventually, however, gene-finding 
programs found 31,000, John Colbourne of 
Indiana University, Bloomington, reported at 
the meeting. And a variety of experiments 
have revealed as many as 8000 more genes 
that gene-finding annotation programs 
missed, he said. That tops the gene count of the 
newly sequenced genome of another tiny 
creature: the pea aphid, which sports 34,600 
genes (see p. 1253). 

“It’s a big surprise that critters that you 
think wouldn’t have a high gene count do,” 
says Eric Green of the National Human 
Genome Research Institute in Bethesda, 
Maryland. These findings are further evi- 
dence that biological complexity does not 
directly correlate with gene number. But we 
are also “probably naive in defining what is 
biological complexity,” Green adds. 

Part of the appeal for sequencing the 
genome of Daphnia is its ability to adapt—it 


All-purpose genome. An ™ { 


extraordinary number of \ 


genes may help Daphnia 
cope with diverse environ- 
ments and predators. 


usually clones itself but reproduces sexually 
under certain conditions. Eggs can hatch right 
away or lay dormant for more than a century. 
Daphnia thrive on algae and in turn are fodder 
for many fish and other predators, making 
them a key link in aquatic food webs. But, 
depending on the predator, they can sprout hel- 
mets, tail spines, or ridges called neck teeth. 
The genome is already helping researchers get 
to the genetic basis of this plasticity. 
Colbourne and his colleagues first made 
a microarray of all the organism’s genome 


Some RNA May Play Key Role in Repressing 


Genes, Slowing Cancer 


Protein-coding genes have long been the 
stars of the Human Genome Project, but now 
RNA is moving into the limelight. Over the past 
3 years, researchers have come to realize that 
protein-coding genes account for barely a quar- 
ter of the DNA that gets transcribed. The rest 
leads to RNA strands of various lengths—but 
toward what end has been a mystery, because 
that RNA doesn’t seem to lead to any proteins. 
Some experts have even argued that this RNA 
is little more than “transcriptional noise.” Yet, 
just as junk DNA proved to be more than junk, 


at least some of this “noise” translates into 
meaningful molecules that may play key roles 
in turning genes on and off. 

“For the past 5 to 10 years, researchers have 
been cataloging the presence of the noncoding 
RNAs,” says Thomas Gingeras, a molecular 
biologist at Cold Spring Harbor Laboratory in 
New York. “Now people want to understand 
what they do.” Chris Ponting of the University 
of Oxford in the United Kingdom and his col- 
leagues took some of the first steps in that 
direction in 2007 by showing that 3000 long 


sequence rather than just pieces of the genes 
themselves. “The array is blind relative to 
the annotation,” Colbourne explains, and 
thus can pick up expressed DNA that gene- 
finding programs might miss. They have 
started using the array to study how gene 
expression changes under different condi- 
tions. In experiments that looked at Daphnia 
exposed to different predators, for example, 
they found “a set of genes that were hidden,” 
Colbourne reported. “And we expect there 
are still more” to be unearthed as they evalu- 
ate different environmental conditions. The 
new genes they’re finding seem to code for 
proteins but not for any that look familiar. 

Colbourne wonders whether this gene- 
packed genome arose in part because of the 
complexity of the aquatic environment—this 
species can live where it’s salty, acidic, hot, 
and so shallow that exposure to the sun is 
hazardous. “It’s almost as if they have more 
than one genome” to be able to cope with this 
diversity, he said. Another reason for the high 
gene count could be a consequence of having 
both sexual and asexual reproduction. 

Whatever the cause, the high gene count 
comes from having many duplicated genes. 
This stands in contrast to the human 
genome, which generates a variety of differ- 
ent proteins by splicing genes into different 
configurations. Why the Daphnia genome 
evolved this way is a mystery, says John 
Werren of the University of Rochester, New 
York. “Some feature of the genome of Daph- 
nia has pushed it to make more copies as 
opposed to [evolving] splicing.” 


noncoding RNAs were conserved in evolution, 
with sequences that were quite similar among 
mice, rats, and humans—an indication that 
they serve some vital function. 

At the meeting, another team described 
progress in quantifying and assessing the func- 
tion of a particular group of long RNA mole- 
cules. John Rinn of Harvard Medical School in 
Boston and his colleagues presented further 
evidence that at least some of these molecules 
seem to be important to a cell’s survival, and 
they reported that by studying the molecules 
these RNAs associate with, they are beginning 
to glean how some of them may actually work. 
One, for example, seems critical to helping the 
tumor suppressor gene p53 keep cancer in 
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The Bug and the Bacterium: 
Interdependent Genomes 


Any successful relationship demands sacrifices. The partner- 
ship between the pea aphid and a tiny bacterium called Buch- 
nera aphidicola is no exception. The newly sequenced DNA of 
this tiny insect, a common pest of legume crops, reflects a long 
history of give-and-take between the genomes of the bug and 
the bacterium. “The bargaining chips are genes, and the 
inventory reflects concessions during the course of negotia- 
tions,” says John Colbourne, an evolutionary biologist at Indi- 
ana University, Bloomington. 

Like other aphids, Acyrthosiphon pisum live off plant sap, a sugary mix 
low in protein. To make up for this nutritional shortfall, the insects depend 
on their microbial guests to supply essential amino acids. In return, the pea 
aphid has given up some of the genes that normally help fend off infec- 
tions by Gram-negative bacteria such as Buchnera, Stephen Richards of 
Baylor College of Medicine in Houston, Texas, reported at the meeting. This 
loss “might account for the evolutionary success of aphids to obtain bene- 
ficial symbionts,” reported aphid consortium collaborator Shuji Shigenobu 
of Princeton University. 

Buchnera bacteria have tiny genomes, and genes number about 640. But 
they include key ones for providing the aphid with about nine amino acids 
that are missing from the sap that aphids feed on. A big surprise however, 


Sappy diets. The aphid genome 
revealed that making essential amino 
acids was a joint venture with this 
plant pest’s microbial partners. 


was that making almost every essential amino 
acid was a joint venture, with some steps occur- 
ring in each species. For example, Buchnera lacks 
the enzyme needed for the last step in making 
leucine, but it’s in the aphid genome, so the fin- 
ishing touches take place in the aphid. This divi- 
sion of responsibilities “dramatically underscores 
the dependent nature of symbiont-host relation- 
ships at the molecular level,” says Colbourne. 

The consortium had expected that some bac- 
terial genes—such as ones missing in amino- 
acid-synthesis pathways—might have worked 
their way into the aphid genome. But relatively 
few have, Richards reported. The consortium 
found about 11. At least two are important to Buchnera for making the 
microbe’s cell wall, and these are active in the nuclei of aphid cells special- 
ized to house the microbes. Surprisingly, those genes didn't come from 
Buchnera, Richards reported: They appear to have come from a different 
type of microbe altogether, an alpha protobacteria. 

The aphid was rife with duplicated genes, with an estimated 34,604 pro- 
tein-coding genes in all, double the number in Drosophila. It also has several 
new genes, not known in other species, that code for saliva proteins that 
likely help keep plant juices flowing once the aphid has broken into the plant. 
“If you ask how we are going to control aphids on plants, this is the interac- 
tion that you have to stop,” Richards says. “And now you have a molecular 
entry into that.” -E.P. 


check. “There are a lot more of these [RNAs], 
and they are probably more important than we 
thought,” says Richard Myers of the Hudson- 
Alpha Institute for Biotechnology in Hunts- 
ville, Alabama. 

Rinn and his colleagues study what he 
calls “large intervening noncoding RNAs” 
(lincRNAs), 2300 to 17,200 bases long, that 
are coded for in DNA between genes. Until 
recently, researchers knew of only about a 
dozen lincRNAs, notably XIST, an RNA that 
turns off the extra X chromosome in females, 
and HOTAIR, an RNA that directs the special- 
ization of skin cells. 

Rinn’s team has searched systematically 
for lincRNAs by looking outside gene bound- 
aries for chemical signatures that 
they know mark the coding 
regions of active genes. They ini- 
tially looked in four types of 
mouse cells, assuming that such 
marks signaled additional tran- 
scription. The survey initially 
turned up about 1500 candidates, 
Rinn graduate student Mitchell 
Guttman and colleagues reported 
online | February in Nature. 

At the meeting, Guttman 
reported that the team has 
expanded the search to 10 human 
tissues and has come up with 4000 
definite lincRNAs. He estimates 


Repressor X 


220 @@ 


Promoter 


there are about 1000 more. Not everyone 
agrees that lincRNAs represent a true subclass 
of noncoding RNAs, as they worry that some of 
the DNA sequence encoding long noncoding 
RNAs may extend into genes, blurring the def- 
inition of “intervening.” “Making a new class 
may be premature,’ Gingeras says. 

Guttman, Rinn, and their colleagues have 
also looked for patterns of coexpression 
between protein-coding genes and lincRNAs 
in 21 tissues. They found quite a few gene- 
lincRNA overlaps, from which they con- 
cluded that, broadly speaking, lincRNAs are 
involved in the regulation of the cell cycle, 
immunity, and stem cell differentiation, 
Guttman reported. For example, 39 associ- 
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Gene stopper? LincRNAs may bind and lead repressor proteins to 
promoters so as to silence genes. 


ated with the tumor suppressor gene p53. 
One “is directly regulated by p53,” Rinn 
reported at the meeting. He thinks that par- 
ticular lincRNA acts as a global repressor of 
the p53 pathway, because 1000 genes 
increased their expression when he disabled 
either p53 or that particular lincRNA. 

The story sounded vaguely familiar, for that 
is how HOTAIR and XIST seem to work. So 
Rinn and Guttman did an experiment to assess 
how many lincRNAs bind to polycomb protein 
complexes. These complexes remodel chro- 
matin, reconfiguring this DNA-protein matrix 
to shut out transcription factors and silence cer- 
tain genes. They found that almost 25% of the 
lincRNAs latch onto these complexes in one 
cell type or another. Furthermore, the RNAs 
were required for gene silencing. In total, 38% 
of the lincRNAs are tied in with one of four 
chromatin-remodeling complexes, Rinn 
reported. “We think RNA is a scaffold to [help] 
bring in the right proteins,” says Rinn. 

“Those results are very exciting,” says 
David Haussler, a bioinformaticist at the Uni- 
versity of California, Santa Cruz. “This is far 
from being a mature scientific story, but there 
are tantalizing hints [ofa repressive function].” 
Adds cancer geneticist Victor Velculescu of 
Johns Hopkins Kimmel Cancer Center in Bal- 
timore, Maryland: “It reinforces the fact that 
these lincRNAs are likely to be important 
physiologically.” —ELIZABETH PENNISI 
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On the Origin of 
Sexual Reproduction 


For Darwin, sex was a big question mark. “We 
do not even in the least know the final cause of 
sexuality; why new beings should be pro- 
duced by the union of the two sexual ele- 
ments,” he wrote in 1862. “The whole subject 
is as yet hidden in darkness.” 

Today, biologists understand the molecular 
nuts and bolts of sex fairly well. Each new 
human being (or bird or bee) needs a set of 
chromosomes from each parent. But that’s the 
how. The why of sex is still fairly mysterious. 
Bacteria don’t have to search for a mate; they 
just grow and divide in two. An aspen tree can 
simply send out shoots that grow into new 
trees. No muss, no fuss with finding a partner, 
fertilizing an egg, and joining two genomes. 
Why should so many species take such a 
labyrinthine path to reproduction, when 
straightforward routes are available? 

Biologists first began to give the question 
“Why sex?” serious attention about 40 years 
ago, and today they’re using genomics and 
other 21st century tools to search for the 
answer. They are finding hidden signs of sex 
in the DNA of supposedly asexual organisms 
and are tracking the evolutionary impact of 
sex among living populations of animals and 
plants. Some use sophisticated mathematical 
models to assess the conditions under which 
sex can arise. 

These efforts are providing new hints 
about how sex first emerged some 2 billion 
years ago and about the forces that have made 


it so widespread. The studies bolster a handful 
of hypotheses: Sex may speed up evolution, 
for example, or it may provide a better defense 
against parasites. In the past, scientists have 
focused on just one of these hypotheses at a 
time, but today many argue that several forces 
may be at work at once. 


Mating of molecules 
Sex gives nature much of its spice. Fireflies 
flash through the night to find a mate; a flower’s 
perfume lures insects to carry pollen to distant 
partners; male bullfrogs croak to impress 
females. But despite this dizzying diversity, all 
sexually reproducing organisms take the same 
key steps to make new offspring: They shuffle 
their own DNA and then combine some of it 
with the DNA of another member of their 
species to produce a new genome. The key to 
this novelty is a process called meiosis. 

As with those of other vertebrates, almost 
all human cells are diploid: Each one contains 
two copies of very similar, or homologous, 
chromosomes. As precursor sex cells divide, 
they give rise to haploid sex cells of sperm 
and eggs, each with only one chromosome 
from each pair. Only when one sex cell fuses 
with another does it become part of a new 
diploid genome. 

Meiosis creates new variations in two 
ways. There’s a 50-50 chance that a parent 
will pass down either chromosome of a given 
pair to his or her offspring. And during the 
development of sex cells, homo- 
logous chromosomes undergo 
recombination: They line up with 
each other and swap segments of 
their DNA. So even if two sib- 
lings get the same chromosome 
from their mother, their chromo- 
somes aren’t identical. 

In 1971, the late British evolu- 
tionary biologist John Maynard 
Smith helped kick off the modern 
study of the evolution of sex by 
pointing out how costly sons are to 
a mother. An asexual female 
lizard, for example, produces just 
daughters, all of whom can repro- 
duce. A sexually reproducing 
female lizard, on the other hand, 
produces, on average, a son for 
every daughter, half the reproduc- 
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For more on evolutionary 
topics online, see the 
Origins blog at blogs. 
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For more on sexual repro- 
duction, listen to a pod- 
cast by author Carl Zimmer 
at www.sciencemag.org/ 
multimedia/podcast. 


tive potential. Yet despite this “twofold cost of 
sex,” as Maynard Smith called it, he observed 
that sex is widespread, as most animals and 
plants produce males and females. 

And he didn’t even realize how widespread 
sex is. It’s starting to seem as if just about all 
eukaryotes—the lineage that includes animals, 
plants, fungi, and protozoans—have some sort 
of sex. (Fungi and protozoans don’t have males 
and females like we do; instead, they produce 
two or more “mating types.”) In April, for 
example, signs of sexual recombination were 
discovered in the seemingly asexual Leishma- 
nia, a protozoan that causes the tropical disease 
leishmaniasis (Science, 10 April, pp. 187, 265). 

Other asexual eukaryotes show signs of 
having evolved from sexual ancestors. Tri- 
chomonas vaginalis, a protozoan that causes 
vaginal infections, doesn’t appear to repro- 
duce sexually, for example. But in 2007, John 
Logsdon of the University of lowa in lowa 
City and his colleagues discovered that its 
genome contains almost all the genes neces- 
sary for meiosis, suggesting that it was once a 
sexual creature. Given how widespread sex 
and sex-related genes are, Logsdon says, “it’s 
hard to escape the conclusion” that sex first 
evolved in the common ancestor of all eukary- 
otes some 2 billion years ago. 


The road to sex 

In trying to understand how this transition 
occurred, most scientists thought that meiosis 
and sex evolved together, as a package. But 
Adam Wilkins of the University of Cambridge 
in the United Kingdom and Robin Holliday 
of the Australian Academy of Sciences 
have recently argued that some key steps in 
meiosis—namely, the reduction of diploid cells 
into haploids—took place long before full- 
blown sex existed. “It turns the conventional 
thinking on its head,” says Wilkins. 

Wilkins and Holliday’s sce- 
nario starts with the ballooning 
of the genomes of the early, asex- 
ual eukaryotes. Although the 
most ancient single-celled, 
amoebalike creatures were prob- 
ably haploid, like modern bacte- 
ria, today the eukaryote genome 
can be thousands of times the 
size of a bacterial one, and many 
studies suggest that it was 
inflated billions of years ago by 
invading viruslike segments of 
DNA called mobile elements. 

At first, these early eukaryotes 
reproduced simply by duplicating 
their giant haploid genomes and 
dividing. But at some point, 
Wilkins and Holliday propose, 
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diploid cells arose. Two haploid cells might 
have fused, for example, or a cell may have 
failed to divide after duplicating its DNA. 
Today, some fungi pass through these kinds of 
diploid stages. 

The combination of a big genome and a 
new diploid stage raised the risk that eukary- 
otes would make fatal mistakes while copying 
their DNA. A chromosome can potentially 
join any other chromosome wherever they 
share similar sequences. It’s safe for this to 
happen between homologous chromosomes, 
because they will swap versions of the same 
genes during recombination. But when one 
chromosome recombines with a nonhomolo- 
gous chromosome, “that leads to terrible 
problems,” says Wilkins. Each chromosome 
donates some of its genes but doesn’t get the 
same genes back. A cell that inherits one of 
these deficient chromosomes may die. 

Wilkins and Holliday argue that this risk 
drove the evolution of a new defense. In one or 
more lineages of early eukaryotes, homolo- 
gous chromosomes began to line up tightly 
with one another before cells divided. Now 
recombination could take place safely. If a 
chromosome swapped some of its genes with 
another chromosome, it would get versions of 
the same genes back. Meiosis thus evolved as 
a way to reduce the damage from mismatched 
recombinations. 

It would take millions of years more 
before eukaryotes shifted from a mostly hap- 
loid existence to spending most of their life 
cycle as diploids (as we do) and only some- 
times producing the haploid cells necessary 
today for sexual reproduction. That shift to a 
sexual life cycle, however, still had to over- 
come the twofold cost of sex. 

Lilach Hadany of Tel Aviv University in 
Israel and Sarah Otto of the University of 
British Columbia, Vancouver, in Canada, have 
been building mathematical models to explore 
the evolutionary pressures that might have 
allowed a population of asexual eukaryotes to 
become sexual. They find that sex can come to 
predominate if it’s only optional. 

Hadany and Otto created a mathematical 
model of eukaryotes in which most of the 
organisms were asexual, but some carried 
genes that let them reproduce sexually when 
under stress. This reflects real life: Today, 
yeast and many species of plants reproduce 
sexually only during times of stress and repro- 
duce asexually the rest of the time. The 
researchers found that over the generations, 
from one crisis to the next, the sex genes 
spread. By triggering organisms to reproduce 
sexually, these genes could become combined 
with new sets of genes that were better able to 
withstand the crisis, leading to the greater pro- 
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liferation of the “sexual” individuals. Once 
the crisis was over, the sex genes turned off, 
allowing the advantageous combinations of 
genes to remain intact. 

However, this strategy “doesn’t happen 
because sex is good for the population,” 
Hadany points out. Instead, the model sug- 
gests that genes for sex spread thanks to their 
own selfish drive to generate ever more 
copies of themselves. 

If sex started out as an optional way to 
reproduce, then a new question emerges: How 
did sex later become mandatory in many 
species, including our own? Hadany suspects 
that the answer has to do with sexiness—that 
is, with the preference sexually reproducing 
organisms often have to mate with some indi- 
viduals over others. Female guppies, for exam- 
ple, like to mate with male guppies with bright 
spots; in some frog species, the females choose 
to mate with the males that croak loudest. 

Hadany and Tuvik Beker, then at Hebrew 
University of Jerusalem, built a mathematical 
model in which the frequency of sex as well as 
the mating preferences could evolve. Under 
these conditions, they found, the population 
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evolved to reproduce sexually more and more 
often until asexual reproduction ceased all 
together. The sexy individuals were driving this 
evolution. Because they could attract so many 
more mates from the opposite sex, they could 
have more offspring through sexual reproduc- 
tion than by just cloning themselves. (The 
female’s advantage comes in part from sexy 
sons that achieve reproductive success through 
mate preference.) As a result, mutations that 
increased the amount of sex increased these 
organisms’ success. These genes passed down 
to more offspring and eventually spread 
through the entire population. 


Here to stay 

Although sexiness may help explain how sex- 
ual reproduction took over, it can’t fully 
explain why sex has managed to reign for bil- 
lions of years. Because they don’t have to pay 
the twofold cost of sex, under the right condi- 
tions, any new cloners ought to spread rapidly 
in a population, challenging sexual reproduc- 
tion. However, given the rarity of asexuals, 
something must be getting in the way. Over 
the years, scientists have proposed about 
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20 different hypotheses to explain the failure 
of asexuality to regain much of a foothold. 
Logsdon calls the three with the most support 
from both experiments and mathematical 
analysis “the good, the bad, and the ugly.” 
The “good” refers to the ability sexual 
species have to adapt faster than asexual ones. 
If an asexual organism picks up a beneficial 
mutation, it can only pass the mutation down 
to its direct offspring. If another organism 
picks up a different beneficial mutation in a 
different gene, then there’s no way for it to be 
combined into the same genome as the first 
mutation to make a more optimal genome. 
Sexual reproduction, on the other hand, splits 
up genes and recombines them into new 
arrangements, joining beneficial mutations. 
In this way, sexual reproduction may 
improve the fitness of a population faster 
than asexual reproduction. In 2005, Matthew 
Goddard and colleagues at the University of 
Auckland in New Zealand genetically engi- 
neered some yeast that could only reproduce 
sexually and 


others that could only reproduce asexually. 
(Typically, yeast can do both.) When Goddard 
raised both mutants on a near-starvation 
diet, the sexual yeast were able to adapt 
faster. As they evolved, their growth rate 
increased 94%, while the asexual strain 
increased only 80%. The difference in 
growth would allow the sexual yeasts to rap- 
idly take over a population. 

The “bad” refers to slightly harmful muta- 
tions and what sex does to purge them. Over 
time, a population of asexual organisms may 
pick up mutations that slow their growth rate. 
Each mutation may be only slightly deleterious, 
and so natural selection fails to eliminate it 
from the population. As generations pass, more 
and more harmful mutations accumulate, drag- 
ging down the expansion of the population. 
Eventually, these slightly deleterious variants 
may replace all the undamaged versions of 
these genes in a population, permanently com- 
promising fitness. Sexual organisms, on the 
other hand, can trade in a defective version of a 
gene for a working one through recombination, 
keeping healthy genomes intact. 

Real examples that celibacy can be bad for 
the genome exist. In 2006, for example, 
Susanne Paland and Michael Lynch of Indi- 


ana University, Bloomington, looked at muta- 
tions in Daphnia pulex, a species of water flea. 
Populations of asexual water fleas carried 
more harmful mutations than sexual ones. 

Along with the “good” and the “bad,” there 
is the “ugly”: namely, parasites, against which 
sex may be a powerful defense. In the 1970s, 
several researchers built mathematical models 
of how parasites influenced the evolution of 
their hosts and vice versa. Their research sug- 
gested that both partners go through cycles of 
boom and bust. Natural selection favors para- 
sites that can infect the most common strain of 
host. But as they kill off those hosts, another 
host strain rises to dominate the population. 
Then a new parasite strain better adapted to 
the new host strain begins to thrive, leaving the 
old parasite strain in the dust. 

This model of host-parasite coevolution 
came to be known as the Red Queen hypo- 
thesis, after the Red Queen in Lewis Carroll’s 
book Through the Looking Glass, who takes 
Alice ona run that never seems to go anywhere. 
“Now here, you 


see, it takes all the running you can do to keep 
in the same place,” the Red Queen explains. 

The Red Queen conundrum, some 
researchers have argued, may give an evolu- 
tionary edge to sex. Asexual strains can never 
beat out sexual strains, because whenever they 
get too successful, parasites build up and dev- 
astate the strain. Sexual organisms, mean- 
while, can avoid these dramatic booms and 
busts because they can shuffle their genes into 
new combinations that are harder for parasites 
to adapt to. 

Red Queen models for sexual reproduction 
are very elegant and compelling. But testing 
them in nature is fiendishly hard, because 
biologists need asexual and sexual organisms 
that share the same environment and parasites. 
One of the few test cases scientists have found 
is Potamopyrgus antipodarum, a snail that 
lives in New Zealand lakes. Some snails have 
to mate to reproduce; others don’t. 

Curt Lively of Indiana University, Bloom- 
ington, and his colleagues have spent nearly 
30 years painstakingly studying the snails and 
one of their parasites, a fluke that can sterilize 
them. Ina paper in press at The American Nat- 
uralist, Lively and collaborators Jukka Jokela 


of the Swiss Federal Institute of Aquatic Sci- 
ence and Technology and Mark Dybdahl of 
Washington State University, Pullman, pres- 
ent some of the most compelling evidence 
gathered so far for the Red Queen at work. 

Over the course of the past 15 years, Lively 
and his colleagues have documented a para- 
site-driven boom-and-bust cycle in asexual 
snails, a cycle just as the Red Queen would 
predict. In a New Zealand lake in 1994, the 
most common strains of asexual snails were 
initially resistant to the most common flukes. 
Over time, the snails became more and more 
vulnerable, as a well-adapted fluke strain 
infected them. By 2004, the snails had all but 
disappeared. Meanwhile, a rare strain of asex- 
ual snails in 1994 became the most common, 
apparently because it was resistant to the fluke 
strain sickening the previous dominant strain 
of snails. “We didn’t expect to see such a dra- 
matic shift in our lifetimes,” says Lively. 

As the flukes drove the asexual snails 
through boom and bust, the population of 
sexual snails 


has remained relatively steady, Lively says. 
That stability is consistent with the idea that 
the Red Queen effect can give sexual organ- 
isms an edge. 

Yet Lively doesn’t think that the Red 
Queen on its own can fully account for the 
staying power of sex. Once an asexual strain 
of hosts becomes rare, its parasites become 
rare, too. So the Red Queen can’t wipe out 
asexual reproduction altogether. 

It’s possible that the Red Queen may be 
able to work more effectively to promote sex 
by cooperating with another force. For exam- 
ple, the Red Queen may drive asexual popula- 
tions down to small numbers, which may 
make it easier for harmful mutations—the 
“bad’”—1o build up. 

“There are a lot of people who don’t like 
this fusing of hypotheses,” admits Lively. “It 
gets messy, and it gets hard to test.” Yet Lively 
and some other researchers think that messi- 
ness is no reason to reject the possibility that 
sex has many masters. It won’t be surprising if 
a mystery so hidden in darkness turns out to 
have more than one answer. —CARL ZIMMER 


Carl Zimmer's latest book is Microcosm: E. coli and the 
New Science of Life. 
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Hydrogen Cars: Fad or the Future? 


The Obama Administration wants to end the hydrogen fuel cell vehicles program, 
which proponents see as the ultimate clean-car technology 


In May 2007, engineers from General Motors 
pumped 8 kilograms of compressed hydrogen 
gas into each of two GM Sequels, among the 
company’s most advanced hydrogen fuel cell 
cars. The fuel, produced by splitting water 
into hydrogen and oxygen, was generated 
using renewable electricity from nearby Nia- 
gara Falls, on the U.S.-Canadian border. 

The two cars were driven 482 km, from 
Rochester to Tarrytown, New York. Instead 
of emitting roughly 90 kilograms of carbon 
dioxide (CO ) during the journey, their 
tailpipes puffed only water vapor. “It was 
the world’s first 300-mile drive that was 
petroleum-free and emissions-free ona single 
tank of fuel,” explained GM’s R&D chief, 
Larry Burns, at an alternative fuel vehicles 
meeting in March 2008. 

The drive may have been historic, but it 
didn’t impress the Obama Administration. 
Last month, Energy Secretary Steven Chu 
announced that the Department of Energy 
(DOE) was putting the brakes on research into 
automotive hydrogen fuel cells. Chu cites the 
cost and durability of vehicle fuel cells, the 
inability to store large volumes of hydrogen 
fuel, the absence of a carbon-free way of gen- 
erating the hydrogen, and the need to build a 
nationwide refueling infrastructure. The issue 
came down to a simple question, says Chu: “Is 
it likely in the next 10 or 15 or even 20 years 
that we will convert to a hydrogen-car econ- 
omy? The answer, we felt, was no.” 

But many scientists and energy experts 
believe Chu asked the wrong question and, 
therefore, made the wrong call. No alternative- 


vehicle technology will make a major impact 
on carbon emissions, petroleum use, or any- 
thing else within the next 20 years, they say, 
because it takes longer than that for a new 
technology to displace what is already on the 
road. In the long run, they say only two tech- 
nologies—hydrogen fuel cells and electric 
vehicles—are capable of getting the job done. 
And only one variation, plug-in hybrids, will 
be on the market anytime soon. “There are 
uncertainties with both these technologies,” 
says Joan Ogden, who heads the sustainable 
transportation energy program at the Univer- 
sity of California, Davis. “So the idea of tak- 
ing one off the table seems shortsighted.” 

Some influential politicians are also 
unhappy with Chu’s proposed policy shift and 
have vowed to block the cuts. “I, for one, am 
not interested in shutting down these research 
projects,’ says Senator Byron Dorgan (D-ND), 
who chairs the spending panel that will act on 
the president’s 2010 budget request, which 
saves $100 million by eliminating the vehicle 
portions of the program while maintaining 
$68 million for stationary fuel-cell power 
plants viewed as closer to the market. Speak- 
ing at a hearing last month during which Chu 
laid out the Administration’s plans, Dorgan 
declared, “We are going to do everything we 
can to continue the [vehicle program].” 


Making the case 

Invented in 1839, fuel cells use catalysts to 
combine hydrogen and oxygen to produce 
water and electricity. Their ability to generate 
electricity without CO,—at least within the 


Deceleration? Ford engineers 
celebrate breaking 200 mph with 
the company’s hydrogen car, a 
technology now out of favor with 
the Obama Administration. 


fuel cell itself—has spawned 
recurring visions of a carbon- 
free hydrogen economy. The 
Bush Administration embraced 
the idea in 2003 when it rolled 
out what became a $1.5 billion 
research program to make 
hydrogen fuel cell vehicles 
practical and affordable. Since 
then, car companies have spent 
billions of dollars of their own 
money and produced two generations of cars, 
318 of which remain on the road. Toyota, GM, 
and Honda have said that they will continue to 
invest in the technology regardless of what 
DOE decides to do. 

Hydrogen proponents don’t dispute that 
hydrogen fuel cell technology lags a few years 
behind plug-in hybrids. However, they argue 
that it’s improving rapidly in virtually all areas. 
“We cannot abandon one of the most promis- 
ing technologies around just because it is not 
ready for commercialization in the next 
2 years,” says Ronald Grasman, an automotive 
engineer who manages fuel-cell market devel- 
opment for Daimler in Kirchheim, Germany. 

Grasman and others point out that the ulti- 
mate goal is not how quickly alternative-fuel 
vehicles are adopted but how fast greenhouse 
gas emissions and the use of petroleum can be 
reduced. Even if plug-in hybrids hit the market 
first, their impact on carbon emissions will be 
modest initially because they rely on electric- 
ity generated primarily by burning fossil fuels. 
A recent analysis by C. E. “Sandy” Thomas, 
whose Virginia company H2Gen Innovations 
makes reformers that convert natural gas into 
hydrogen, found that hydrogen cars would 
actually reduce CO, emissions more than 
plug-ins would by 2030, and the gap widens as 
the decades pass. 

A big reason is their source of power. Most 
electricity in the United States is generated by 
burning coal, Thomas notes, and coal emits 
nearly twice as much carbon as does natural 
gas, the fuel most commonly used to generate 
hydrogen. In addition, fuel-cell electric 
engines are twice as efficient as the combus- 
tion engines that are still required in hybrids. A 
clean, carbon-free source of energy is needed 
for either fuel cell or electric vehicles to meet 
their potential, Thomas acknowledges. 

The Obama Administration has already 
called for cutting U.S. carbon emissions 80% 
below 1990 levels by 2050. In the transporta- 
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THE CASE AGAINST HYDROGEN FUEL CELL CARS... 


Energy Secretary Steven Chu 
says there are no quick fixes 
to these pressing 
technological challenges: 
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tion sector, which accounts for more than one- 
quarter of all carbon emissions, “you can’t 
accomplish that without hydrogen vehicles,” 
says Robert Shaw Jr., a venture capitalist and 
founder of Areté Corp. in Center Harbor, New 
Hampshire. Shaw was vice chair of a National 
Research Council (NRC) panel that looked at 
the viability of hydrogen cars and their poten- 
tial impact by 2050. 

The NRC report, published last year, con- 
cluded that improvements in conventional 
vehicles, switching to gas-electric hybrids, 
and using biofuels would be the best first step 
in reducing CO, emissions. But “hydrogen 
offers greater longer-term potential,” reads the 
report. “The greatest benefits will come from 
a portfolio of R&D technologies that would 
allow the United States to achieve deep reduc- 
tions in oil use” by 2050. A follow-on NRC 
panel is now reviewing the role of plug-ins. 


An uphill road 
DOE officials, from Chu on down, would 
probably agree with that overall assessment of 
the promise of hydrogen vehicles. But that 
doesn’t mean they think they’re a safe bet. 
“There is really a lot of progress, but issues 
remain,” says Sunita Satyapal, who directs 
DOE’s hydrogen program. 

One major concern is price, in particular, 
the high cost of precious-metal catalysts. 
Today’s fuel cell engines could be built for $73 


a kilowatt if mass-produced, according to a 
recent DOE estimate, a 74% drop since 2002 
but still more than twice the 2015 target price. 

The range of today’s cars is also a problem. 
High-pressure tanks used by today’s fuel cell 
cars hold enough fuel for the average fuel cell 
car to travel 320 km, according to the latest 
tally from researchers at the National Renew- 
able Energy Laboratory in Golden, Colorado. 
By 2015, DOE hopes to achieve 480 km, a 
distance that would satisfy consumers. 

Durability is another issue. Some of the 
fuel cell cars have operated for 2000 hours 
without need of servicing, the equivalent of 
driving 96,000 km, and DOE would like to 
boost that number to 5000 hours. Finally, 
despite hydrogen’s widespread use in industry, 
no infrastructure exists for producing vast 
amounts of hydrogen and delivering it to driv- 
ers when and where they need it. 

Given these hurdles, Chu and his DOE col- 
leagues argue that it makes more sense to 
focus on areas with the potential to make the 
quickest impact, notwithstanding that the 
average car stays on the road for 15 years. 
“With plug-in vehicles, you can start that 
process now,” says Patrick Davis, who heads 
DOE’s Vehicle Technologies Program in 
Washington, D.C. “With other technology, you 
have to start that clock later’? Mass-produced 
hydrogen cars may be 2 decades away. And if 
the onboard hydrogen-storage problem isn’t 


VEHICLE SHARE 


Advanced 
Gasoline 

m= Gasoline 
Hybrid 
H2 Fuel Cell ~ 


2030 2040 


_ Niche player. Hydrogen cars lose 
out to gasoline hybrids under this 
DOE scenario, in which storage 
costs remain high. 


solved, customers simply won’t buy the cars. 

Fuel-cell cars aren’t the only alternatives 
facing a rough road, however. Battery electric 
vehicles (BEVs) have cost and technology 
problems of their own. Mass-produced BEVs 
with a range of more than several dozen kilo- 
meters are years away. And better batteries 
will be expensive. 

A 2007 study by automotive engineers 
John Heywood and Matthew Kromer at the 
Massachusetts Institute of Technology in 
Cambridge projected the cost of various 
advanced technologies and found that all 
make a bigger dent in the wallet than 
advanced internal combustion engines. A 
plug-in hybrid with an all-electric range of 
only 16 km would cost an extra $3000, for 
example, whereas an electric vehicle with a 
range of 320 km would add $10,200 to the 
sticker price. The long-distance winner, a 
hydrogen car that could travel 400 km 
between fill-ups, would cost an extra $3600. 

“None of these technologies are free, 
Shaw says. Adds Heywood: “It’s really bat- 
tery cost versus fuel-cell cost. Cost reduction 
is a major challenge for both these paths.” 
Klaus Bonhoff, managing director for Ger- 
many’s National Organization for Hydrogen 
and Fuel Cell Technology, agrees: “People are 
overselling battery technology today. They 
will not be able to do the [complete] job that 
people expect.” 
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THE CASE FOR HYDROGEN FUEL CELL CARS... 


Proponents say hydrogen 
cars are a good bet 
because: 


They will eventually deliver 
the biggest reduction in 
greenhouse gas emissions 


Electric vehicles face 
similarly tough challenges 


The nation needs 
a balanced fleet 
of alternative vehicles 


The cost of making the 
fuel cells is approaching 
DOE targets 


Both technologies need to develop a better 
way to deliver energy to consumers. Hydrogen 
would appear to face the bigger challenge: 
Only 71 hydrogen refueling stations exist in 
the United States and Canada, and the distribu- 
tion system is likewise scant. The NRC panel 
estimated that the U.S. federal government 
would need to spend about $10 billion between 
2008 and 2023 to develop a self-sustaining 
hydrogen-fuel infrastructure and another 
$44 billion on tax credits and other subsidies, 
while industry invests $145 billion. 

In comparison, the nation already has an 
electric utility grid, and a 2006 study by 
researchers at the Pacific Northwest National 
Laboratory found that the existing grid could 
charge up to 70% of all cars and light trucks in 
the United States if they were plug-ins that 
were charged overnight when idle generation 
capacity is available. But battery-powered 
cars also need sockets into which to plug. A 
2008 study by researchers at the Idaho 
National Laboratory estimated it would cost 
$878 to $2146 to add the home circuits needed 
to charge a plug-in. And recharging takes sev- 
eral hours, compared with just a few minutes 
for a hydrogen fill-up. 

Then there’s fuel storage, which DOE’s 
Satyapal says remains a “significant chal- 
lenge” for hydrogen cars. In recent years, 
DOE has backed research on some 200 differ- 
ent storage materials, ranging from packing 
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hydrogen into metal solids called metal 
hydrides to a slurry of alane powder in a light 
mineral oil. To date, none meets DOE’s targets 
for storing and releasing enough hydrogen 
fuel on demand. 

But automotive engineers don’t seem 
overly concerned. Daimler’s new B-class fuel- 
cell engines have a range of 400 km using a 
tank that pressurizes hydrogen to 700 bar, and 
GM’s Sequels have already gone farther than 
that. In addition, reducing the size and weight 
of the fuel cells and other electronic systems 
has left more room for larger storage tanks. 
“Storage technology is not the issue,’ Daim- 
ler’s Grasman concludes. 

The trends are similarly positive with 
respect to improving the durability of fuel-cell 
engines, lowering the cost of producing hydro- 
gen, and finding a low-carbon means of doing 
so. Lab-based fuel cells have far surpassed 
DOE’s 5000-hour benchmark, and natural gas 
can be turned into hydrogen for $3 per kilo- 
gram of hydrogen (the equivalent to how far a 
car will go on a gallon of gasoline). As renew- 
able-energy technologies improve, they can be 
used to generate hydrogen as well as electricity. 


The road ahead 

Given this progress, many hydrogen experts 
were caught off-guard by Chu’s announce- 
ment last month. “Everybody I know in the 
hydrogen field is just puzzled by this deci- 
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sion,’ Shaw says. Philip Ross, a retired chem- 
ical engineer from Lawrence Berkeley 
National Laboratory and member of a DOE 
technical panel that is supposed to advise 
DOE’s upper management on the hydrogen 
program, says Chu did not contact the com- 
mittee before announcing his new direction. 

Chu and his aides also did not reply to 
requests from Science for comment. However, 
when he announced DOE’s fiscal year 2010 
budget, Chu said the department is not giving 
up on fuel cells altogether. In addition to con- 
tinuing to support stationary fuel cells, DOE 
will back basic research to improve the cata- 
lysts and other components of the systems. 

Even if Congress restores the program’s 
funding, some hydrogen backers worry that 
Chu’s statements have already damaged the 
industry. “It has really hurt the public per- 
ception of this field”? Grasman adds. Such 
skepticism, when combined with the indus- 
try’s overall financial woes, could under- 
mine corporate support for the technology, 
Grasman contends. 

That outcome would leave Chu in the posi- 
tion of supporting a policy that could signifi- 
cantly delay the potential climate and energy- 
security benefits he believes alternative vehi- 
cles can deliver. Says Shaw: “If you want to 
get to the volumes [of cars] necessary to make 
an impact, you have to begin immediately.” 

—ROBERT F. SERVICE 
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Persevering Researchers Make a 
Splash With Farm-Bred Tuna 


A 30-year effort has paid off in raising bluefin tuna in captivity, but the benefit for 
wild stocks of the embattled predator may be years more away 


OHSHIMA, JAPAN—With a snap of its jaws, a 
meter-long bluefin tuna grabs a fish tossed 
into its circular enclosure and darts away in 
murky Kushimoto Bay. “They’re excellent 
swimmers,” says Yoshifumi Sawada, a fish- 
eries biologist at Kinki University’s Ohshima 
Experiment Station, as he shovels fish into 
the water. The note of pride in his voice is 
understandable: The bluefins in the pen are 
the product of a 30-year effort to rear second- 
generation captive tuna—something no other 
group in the world has accomplished. It’s “a 
magnificent achievement,” says Daniel 
Pauly, a fisheries biologist at the University 
of British Columbia, Vancouver. 

The feat could hold vital significance for 
one of the ocean’s keystone predators. In 
recent decades, the bluefin tuna’s succulent 
belly meat has become the favorite of sushi 
and sashimi aficionados, driving the price 
sky high. Tunas auctioned at Tokyo’s Tsukiji 
fish market routinely fetch tens of thousands 
of dollars; in 2001, a prize 202-kilogram 
specimen sold for an astounding ¥20.2 mil- 
lion, or roughly $1000 per kilogram. 

To satiate rising demand, dozens of tuna 
farms have sprung up off Japan’s coasts. 
Each year, Japanese fishers capture 300,000 
to 400,000 young bluefins from the open 
ocean and fatten them in pens before ship- 
ping them off to wholesalers. But removing 
juveniles from the wild has only increased 
pressure on the heavily fished species, leav- 


ing some populations on the brink of col- 
lapse (see sidebar). 

The bluefin’s eccentricities have con- 
tributed to its downfall. “The bluefin tuna has 
habits that are completely wrong for species 
survival,” says Gary Sakagawa, a fisheries 
biologist at the U.S. National Oceanic and 
Atmospheric Administration’s Southwest 
Fisheries Science Center in San Diego, Cali- 
fornia. For instance, young 
tuna congregate in coastal 
areas in spring and summer as 
they feed on schooling fish, 
making them easy prey for 
fishers, Sakagawa says. 

The researchers at Kindai, 
as the university is known 
locally, hope their break- 
through will give wild tuna a 
reprieve. “We want to supply 
all of the farmed bluefin tuna 
harvested in Japan,” says 
Sawada. They have a long way 
to go. This year, Sawada says 
they hope to sell up to 20,000 
juveniles to fish farms, a small fraction of 
what’s needed. “This technology will take a 
while to have a positive impact on the conser- 
vation of tuna,” says Pauly. 

Kindai’s tuna program started in 1970, 
when “it seemed Japanese were eating up all 
the world’s tuna,” says university trustee 
Hidemi Kumai, a fisheries biologist who led 


Tuna kahuna. Fisheries biolo- 
gist Yoshifumi Sawada. 


“Magnificent achievement.” Japan has broken 
through a key bluefin tuna breeding barrier. 


the Kindai research for years. Concerned that 
the country would be blamed for depleting 
wild tuna stocks, Japan’s Fisheries Agency 
funded three groups, including one at Kindai, 
to try raising bluefin tuna from eggs. 

As a private university with campuses 
scattered across a rugged peninsula that juts 
into the Pacific Ocean southeast of Osaka, 
Kindai emphasizes “practical studies” 
attuned to the needs of local agricultural and 
fishing communities, Kumai says. Kindai 
had already succeeded in raising yellowtail, 
sea bream, sole, and other fish from eggs. 
The university sells fry to farmers and har- 
vests mature fish for the market, then sinks 
the proceeds into research. 

The know-how gleaned from farming 
other fish, however, didn’t readily transfer to 
bluefins. “Tuna have many unique character- 
istics that make culturing them difficult,” 
says Sawada. For starters, bluefin tuna, one 
of the larger oceanic predators, are simply 
much bigger than other farmed fish. A half- 
century ago, before overfishing started to 
take its toll, 4-meter-long tuna tipping the 
scales at half a ton were common. These 
days, mature bluefins can exceed 2 meters in 
length and weigh 250 kilograms. 

When it comes to captive breeding, more 
than size matters. Tuna, unlike most pelagic 
fish, are warm-blooded. And like some 
sharks, they must move continuously to 
force water over their gills; otherwise, they 
suffocate. “They swim all day, all through 
their lives,” Sawada says. 
Bluefins are built for both 
speed and endurance: They 
can accelerate as quickly as a 
sports car, and they crisscross 
the Atlantic several times a 
year. For these reasons, tunas 
require pens much bigger 
than those used for other cap- 
tive fish. 

It took the Kindai group 
4 years to learn how to keep 
penned tuna alive longer than 
a few months. Then it took 
another 5 years, until 1979, to 
get them to spawn. That was a 
world first, Kumai says, but his team couldn’t 
keep the spawned fish alive. Then, for more 
than a decade, they couldn’t get captive tuna 
to spawn at all. 

Facing similar difficulties, the two com- 
peting research groups gave up, and Kumai 
worried that Kindai’s program would get the 
ax. At one point, he confessed to Kindai’s 
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president that his team had “no results 
despite spending a lot of money.” “The pres- 
ident said to me, “You have to take the long 
view when considering living creatures,” 
Kumai recalls. With such encouragement, 
he says, the group resolved to “succeed in 
this project at any cost.” (The price of suc- 
cess is hard to quantify, he says, as the Fish- 
eries Laboratory, with an annual budget of 
about $25 million, doesn’t itemize expenses 
by project.) Finally, in 1994 their captive 
tunas spawned again. 

Through sheer persistence, the team has 
gained a trove of information about tuna biol- 
ogy. Postmortems on dead juveniles revealed 
that many fish were snapping their necks by 
swimming into the walls of the square enclo- 
sures. Such injuries tapered off after fish 
passed their 80th day. In juvenile tuna, the tail 
fin, used for propulsion, develops more 
quickly than the pectoral and abdominal fins, 
which adults use to steer and brake, Kumai 
says. “The only thing [juvenile] tuna can do is 
dash straight ahead,” he says. To reduce the 
number of deadly collisions, the researchers 
switched to circular enclosures. 

After numerous other tweaks to rearing 
techniques, the Kindai team eventually bred 
mature fish. Six fish spawned in 1995, and 
16 from the class of 1996 survived to adult- 
hood. Those fish spawned in 2002, and 
Kindai is now rearing the third generation. 
“We’ve completed the life cycle,” Kumai 
says. That, says Sakagawa, “gives us some 
idea what may be going on in nature.” The 
Kindai group has identified behavioral trig- 
gers for spawning and clarified that the time 
of first spawn is more closely related to size 
than age. The group acknowledges that they 
still have a lot to learn. Kumai figures they 
get mature fish from only about 1% of eggs, 
compared with 60% for sea bream. 

The Kindai group now hopes to develop 
an attractive product. They are selectively 
breeding tuna for fast growth, disease resist- 
ance, and higher-quality meat, Sawada says. 
The group does not plan to genetically engi- 
neer tuna out of concerns about unforeseen 
consequences if fish were to escape into the 
wild. But they are introducing the use of 
molecular markers, small DNA fragments 
that identify desirable traits, says Yasuo 
Agawa, a molecular biologist who cut his 
teeth on Drosophila and recently joined the 
Kindai team. Pauly, however, worries that 
the feed requirements of scaled-up tuna 
farming could harm wild stocks of feed fish, 
many of which are a staple for people in 
developing countries. 

That might be avoided if the Kindai 
group’s most ambitious plan succeeds: to 


Scientists Get No Respect 
From Fishery Managers 


Last June, when a scientific panel met to review 
the health of the bluefin stock in the East 
Atlantic and Mediterranean, they were miffed 
to find they had so little to go on. Only three of 
48 member countries and regions of the Inter- 
national Commission for the Conservation of 
Atlantic Tunas (ICCAT) had reported 2007 
catch data. Despite that handicap, the ICCAT 
advisory panel gleaned that 
the situation was grave: The 
2007 bluefin catch, they esti- 
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setting. In a September 2008 report, an inde- 
pendent review panel chaired by Glenn Hurry, 
CEO of the Australian Fisheries Management 
Authority in Canberra, concluded that ICCAT’s 
management of bluefin tuna fisheries for sus- 
tainable fishing “is widely regarded as an 
international disgrace.” 

In response to an e-mail asking for com- 
ment on the catch quotas, ICCAT Assistant 
Executive Secretary Victor Restrepo wrote, 
“We abstain from interpreting how or why the 


Reported Catch 


Unreported 


mated, was roughly 61,000 
tons—more than double 
ICCAT’s limit. 

In its report,* the Standing 
Committee on Research and 
Statistics warned that over- 
fishing “will most probably 
lead to further reduction in 
spawning stock biomass with 
high risk of fisheries and 


Yields (tons) 


East Atlantic 
Mediterranean 
—— Total Allowable Catch 


stock collapse.” To forestall or 
that disaster, the scientists 
recommended that ICCAT set a 
quota of 15,000 tons starting 
in 2009. ICCAT’s response: 
quotas of 22,000 tons in 
2010, 19,950 tons in 2011, and 18,500 tons 
in 2012. “Even in 3 years, the quotas will be 
higher than what scientists recommended the 
quotas be immediately,” fumes Rebecca Lent, 
an economist in charge of international 
affairs for the U.S. National Oceanic and 
Atmospheric Administration's National 
Marine Fisheries Service. 

ICCAT’s problems run deeper than quota 


*www.iccat.int/Documents/Meetings/Docs/ 
2008_SCRS_ENG.pdf 


transform their captives into vegetarians. 
Sawada says they intend to gradually substi- 
tute plant protein for fish feed, in part to 
improve the program’s sustainability. Pauly, 
for one, is skeptical. “This is where these 
plans veer off into science fiction,” he says. 
He notes that despite decades of trying, the 
Norwegian salmon industry has not weaned 
farmed salmon off a fish diet. 

It is unclear what impact the landmark 
breeding success might have on wild tuna 
stocks. Sakagawa worries that replacing fish 
caught for farms with juveniles raised from 
eggs might simply expand the market, as 
happened when Australian fisheries started 
pen-rearing captured Southern Pacific 
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Under the radar. By official numbers, East Atlantic and Mediter- 
ranean bluefin tuna catches have declined, but unreported 
catches have soared. 


Commission makes decisions.” He added that 
a meeting on ICCAT’s future planned for next 
August will address questions raised by the 
review panel. 

Stock mismanagement hasn't yet dealt a 
crippling blow to bluefin stocks in the Western 
Atlantic and the Pacific. Although stock assess- 
ments are clouded by gaps in the data, scientists 
recommended there be no increase in Pacific 
bluefin catches above the current 23,000 tons a 
year. This covers taking mature tuna but not 
capturing juveniles for pen-fattening. —D.N. 


bluefins. He says he appreciates Kindai’s 
contributions to understanding tuna repro- 
ductive biology. However, Sakagawa says, “I 
don’t think it’s a solution for conservation of 
wild stocks.” 

Toward that end, Japan’s Fisheries 
Research Agency is working to raise tuna 
from eggs for release. To have an impact on 
natural populations, a restocking effort 
would have to be massive—and “many issues 
need to be solved before [we can] start to 
release tuna,” says agency official Kazumasa 
Ikuta. But as the Kindai team has demon- 
strated in their decades-long effort to breed 
tuna, patience is a virtue. 

—-DENNIS NORMILE 
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ASTRONOMY 


The Tales Told 
_ by Lonely Galaxies - 


,1o what extent is a galaxy shaped*by its Sutroundings? To find’ out, 
astronomers are seeking the rare ones that appear to be isolated 


GRANADA, SPAIN—Laden with 400 billion 
stars, countless planets, and vast clouds of 
gas, our Milky Way galaxy pinwheels 
through the void. Its spiral arms stretch 
50,000 light-years and revolve once every 
220 million years, as we plunge at 400,000 
kilometers per hour toward the neighboring 
Andromeda galaxy. That’s well known, but 
it’s less clear how the Milky Way—or any 
other galaxy—came to appear as it does. 

In the century since the first distant ones 
were recognized, astronomers have learned 
much about how galaxies form and evolve. 
But they still don’t know to what extent a 
galaxy’s properties are determined by its 
inner workings or through interactions with 
its surroundings—such as the Milky Way’s 
potential collision with Andromeda in 3 bil- 
lion years. In short, astronomers want to 
know how much of a galaxy’s character is set 
by nature and how much by nurture. 

To solve that puzzle, some astronomers 
are searching for rare galaxies well isolated 
from their neighbors. By comparing these 
loners to their more-gregarious brethren, 
researchers hope to tease apart the inherent 
inner workings of galaxies and the effects of 
interactions. Last month, 120 researchers 
gathered here to discuss such efforts.” 


*Galaxies in Isolation: Exploring Nature vs. Nurture, 
12-15 May. 


“Tf there really are significant numbers of 
isolated galaxies, and if we can collect large 
enough samples of them, then they’re certain 
to provide some sort of fundamental insight 
into galaxy evolution,” says Jack Sulentic, an 
astronomer here at the Institute for Astro- 
physics of Andalusia (IAA). Astronomers 
have searched for isolated galaxies before, 
but recent massive galaxy surveys may 
unearth many more of the gems. 

The notion of an isolated galaxy may be 
something of an oxymoron, however. Galax- 
ies form through a “hierarchical process” in 
which smaller ones merge to make bigger 
ones, researchers think. So each galaxy is in 
fact the product of galaxy interactions. 
“T think there are no isolated galaxies,” says 
Barbel Koribalski, an astronomer at the 
Australia Telescope National Facility in 
Epping. Still, the few galaxies that appear to 
be lingering alone are worth studying, says 
Christian Theis, a theoretical astrophysicist 
at the University of Vienna in Austria. “Even 
if they’re not formed in isolation, they may 
have evolved in isolation for some time,” he 
says. “So they can give some insight into the 
inherent processes of evolution.” 


Gathering the outcasts 

The first major catalog of isolated galaxies was 
created in 1973 by Valentina Karachentseva of 
Taras Shevchenko National University of Kyiv 


Unblemished beauty. Isolated galaxies 
like NGC 7217 may have evolved undis- 
turbed for billions of years. 


in Ukraine, working with her husband, 
Igor Karachentsev of the Special Astro- 
physical Observatory in Nizhnij Arkhyz, 
Russia. “We divided our work,” she says. 
“Igor worked with the pairs, and I work 
on the isolated galaxies.” 

Karachentseva analyzed photos 
taken in the 1950s with a 1.2-meter tele- 
scope in the famed Palomar Observa- 
tory Sky Survey. She declared a galaxy 
isolated if no neighboring galaxy lay 
closer than 20 times the neighbor’s 
radius or was more than four times as big 
in diameter as the galaxy in question. 
Those rules selected galaxies that had 
not suffered an interaction in roughly 
3 billion years. The Karachentseva cata- 
log of 1051 galaxies is “still the best 
game in town,” say Sulentic, who works 
on the Analysis of the Interstellar 
Medium of Isolated Galaxies (AMIGA) 
project at IAA. 

Now, however, astronomers are 
trawling the enormous data sets pro- 
duced in the past decade in ever-bigger 
sky surveys. In optical wavelengths, the Six- 
Degree Field Galaxy Redshift Survey has 
used a 1.2-meter telescope on Siding Spring 
Mountain, Australia, to pinpoint a total of 
125,071 galaxies; the Two-Degree Field 
Galaxy Redshift Survey has used a neighbor- 
ing 4-meter telescope to spot 221,414 more; 
and the Sloan Digital Sky Survey has used a 
2.5-meter telescope on Apache Point, New 
Mexico, to bag 930,000 of them. 

The new data allow astronomers to fix a 
galaxy’s position in three-dimensional space, 
not just on the two-dimensional celestial 
sphere. As the universe expands, the galaxies 
speed apart. The more distant a galaxy, the 
faster it recedes. The motion stretches a 
galaxy’s light to longer, redder wavelengths, 
so by measuring that “redshift,” astronomers 
can deduce the galaxy’s speed and distance. 

Using Sloan data, Hong Bae Ann of 
Pusan National University in South Korea 
has sifted through 100,000 galaxies lying 
between 275 million and 700 million light- 
years away to find about 500 isolated ones. 
Meanwhile, Karachentsev has used data 
from all three big surveys to pick out 513 iso- 
lated galaxies lying within 135 million light- 
years. Karachentseva has spied 3227 of them 
using data from the near-infrared Two 
Micron All-Sky Survey conducted with twin 
1.3-meter telescopes on Mount Hopkins, 
Arizona, and Cerro Tololo, Chile. 
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But as catalogs proliferate, so do the crite- 
ria used to define isolation and the tensions 
between them. Ann focuses on the galaxies’ 
masses and separations, and he can set his cri- 
teria so that his list recaptures 80% of the 1973 
Karachentseva catalog. However, Ann seeks 
extremely isolated galaxies, and when he 
tightens his criteria the lists do not overlap at 
all, he says. 

Whether a galaxy appears isolated may 
also depend on the method used to observe it, 
says Oded Spector of Tel Aviv University in 
Israel. He used the 1-meter telescope at the 
Wise Observatory near Mitzpe Ramon, Israel, 
to spot 27 extremely isolated galaxies. He then 
compared the optical data with data from 
ALFALFA, a radio survey using the 305- 
meter dish at the Arecibo Observatory in 
Puerto Rico that can detect hydrogen gas and 
reveal galaxies too faint to be seen with optical 
and infrared instruments. The ALFALFA data 
showed that nine of Spector’s galaxies had 
companions after all. “One of these had seven 
neighbors,” he says. 


Compare and contrast 

Still, the few isolated galaxies there are may 
shed light on galaxy content, behavior, and 
structure, researchers say. Theorists generally 
agree that the cosmos took shape after the big 
bang as dark matter—the mysterious stuff 
whose gravity binds the galaxies—coalesced 
into clumps. Smaller clumps merged to make 
bigger clumps and form a vast “cosmic web” of 
filaments and sheets separated by voids. Mean- 
while, the dark matter clumps or “halos” drew 
in hydrogen gas from which stars and galaxies 
formed like raindrops condensing in clouds. 

Researchers hope to fill in some of the 
details within this big picture. One question is 
whether star formation depends on a galaxy’s 
environment. Galaxies in crowds are often 
“red and dead”: Their stars are reddish in 
color, and the galaxies have stopped making 
new ones. That could be a natural effect of 
aging, as the radiation from the galaxies them- 
selves blows out the gas needed to make new 
stars. Or interactions with other galaxies may 
have stripped out the gas. 

Striking a blow for interactions and nur- 
ture, Angela Iovino of the Astronomical 
Observatory of Brera in Milan, Italy, and col- 
leagues tallied galaxies as far away as 11 bil- 
lion light-years (a redshift of 100%) using the 
Very Large Telescope on Cerro Paranal, Chile. 
They find signs that isolated galaxies fade 
from blue to red more slowly than those in 
groups do. “Isolated galaxies stay younger 
longer,” Iovino says. 

But Jeremy Tinker, a theorist at 
Lawrence Berkeley National Laboratory in 


California, argues for nature. Simulations of 
the large-scale structure of the cosmos 
reproduce the observed distribution of 
galaxy clusters and voids only if a galaxy’s 
color and fertility depend on the mass of its 
dark matter halo alone, he says. “The proba- 
bility of being red has to be independent of 
the environment,” he says. 

Other studies are probing the tricks of a 
galaxy’s heart. A galaxy can possess a radia- 
tion-spewing “active galactic nucleus” (AGN) 
that presumably arises when gas falls into the 
supermassive black hole in the galaxy’s center 
and heats up to a temperature of millions of 
degrees. Researchers think that can happen 
when one galaxy jostles another. But can it 
happen in an isolated galaxy? 

To find out, [AA’s José Sabater looked for 
AGNs as part of the AMIGA project, which 
reanalyzes the galaxies in Karachentseva’s 
1973 catalog using new data. With data from 


Mosquitoes, All large“ 
galaxies likely have tiny 
companions like the one 
«NGC 5907 has shredded. 


the Sloan survey and elsewhere, he found that 
21% of 353 isolated galaxies had AGNs. That’s 
well below the 33% rate that M. Angeles 
Martinez of the University of Zaragoza in 
Spain found in her study of galaxies in groups. 
The results don’t necessarily prove that a 
galaxy can toss gas on its own heart to make 
an AGN, Sabater says: An isolated galaxy 
with an AGN may have been perturbed while 
consuming a now-vanished companion. 

Still, the results put a limit on what a 
galaxy can do alone. AGNs come in two types: 
those that emit radio waves and those that are 
“radio quiet.” Sabater finds only radio-quiet 
AGNs in isolated galaxies. “We can conclude 
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that the environment is fundamental for trig- 
gering a radio AGN,” he says. 

Astronomers would also like to know what 
sorts of structures a galaxy can generate by 
itself. Theorists generally agree that bloblike 
elliptical galaxies can form only through 
galaxy mergers, whereas a well-isolated 
galaxy has a strong tendency to form a spiral. 
Data seem to back that up: The various studies 
suggest that fewer than 20% of isolated galax- 
ies are elliptical. 

Isolated galaxies have already given theo- 
rists modeling structure something to puzzle 
over, however. AMIGA researchers find that 
at least two-thirds of the isolated spirals lack 
the prominent bulges often seen in spiral 
galaxies such as the Milky Way. “Bulgeless 
spirals are a challenge to the simulations, 
because they don’t produce them in great 
numbers,” says Evangelia Athanassoula of the 
Astronomy Observatory of Marseilles 
Provence in France. So theorists 
may have to rethink certain details 
of galaxy structure formation. 


A loner and its companions 

The question of what counts as isola- 
tion among galaxies can be subtle, as 
becomes clear when researchers 
turn to the Milky Way. The Milky 
Way has remained relatively unmo- 
lested for billions of years, and theo- 
rists need invoke no external influ- 
ence to explain its properties, says 
Frangois Hammer, an astronomer at 
the Observatory of Paris. By that 
measure, “I would say that the Milky 
Way is isolated?’ Hammer says. 

But the Milky Way is surrounded 
by tiny dwarf galaxies—“mosqui- 
toes,” conference attendees call 
them—some of which it is shred- 
ding. “The companions of the Milky 
Way definitely feel its effect,” says 
Eric Wilcots of the University of 
Wisconsin, Madison. Given that it’s 
ripping its neighbors apart, the Milky Way 
might also exemplify an interacting galaxy. 

Such ambiguity aside, the search for iso- 
lated galaxies seems likely to continue as ever 
more data become available. The Sloan survey 
measured the positions of 930,000 galaxies; 
the proposed 8-meter Large Synoptic Survey 
Telescope would pinpoint billions. The data 
might reveal inherent and environmental 
effects too small to be seen now. “I think we 
have a good chance to solve this problem” of 
the relative importance of nature and nurture 
in galaxy evolution, Hammer says. However, 
the answer may depend on how precisely you 
define the question. —ADRIAN CHO 
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Stem Cell Debate Extends to Scientists 


IN AN ARTICLE PUBLISHED AS “NEWS” (“A FIRST STEP IN RELAXING RESTRICTIONS ON STEM CELL 
research,” C. Holden, News of the Week, 13 March, p. 1412), a one-sided depiction of the debate 
among scientists on embryonic stem cell research is presented. The article reports President 


A Step Ahead on the HIV 


Collaboratory 


IN THE REVIEW “THE CHALLENGE OF FINDING a 
cure for HIV infection” (6 March, p. 1304), D. 
D. Richman ef al. suggest that a “collabora- 
tory”—a consortium involving government 
[here referring to the National Institutes of 
Health (NIH)], academia, and the pharmaceu- 
tical industry—work together to address the 
specific and unique challenges required to 
eradicate HIV from latently infected cells 
while simultaneously continuing viral suppres- 
sion with conventional combination therapies. 


Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the previous 3 months or issues of 

general interest. They can be submitted through 
the Web (www.submit2science.org) or by regular 


mail (1200 New York Ave., NW, Washington, DC 
20005, USA). Letters are not acknowledged upon 
receipt, nor are authors generally consulted before 
publication. Whether published in full or in part, 
letters are subject to editing for clarity and space. 


Obama’s signing of an executive order that lifts the 
restrictions on stem cell research laid down by 
President Bush in 2001. Instead of beginning the 
article “Scientists are breathing a huge sigh of 
relief,’ Holden should have begun by stating that 
“Some scientists are breathing a huge sigh of relief.” 
She should have recognized that not all scientists 
support embryonic stem cell research and not all 
are relieved at President Obama’s recent action. 


SUSAN BOACKLE 


University of Colorado Denver, Aurora, CO 80045, USA. E-mail: 
susan. boackle@ucdenver.edu 


The term “collaboratory” was first used by 
the National Science Foundation to describe a 
computer and information science network 
in 1989 (/). Eight years ago, the term was 
used to describe one of the NIH’s Centers for 
AIDS Research that had partners located in 
four states (2). In 2001, with support from the 
Bettencourt Schueller Foundation of France, 
we set up Objectif Recherche Vaccin Sida 
(ORVACS), a not-for-profit organization 
that networked major academic institutions 
in France (Université Pierre et Marie Curie— 
Paris), the United Kingdom, Spain, Belgium, 
Italy, and the United States. Our objective was 
to speed up the evaluation of new treatment 
strategies based on therapeutic immunization 
to control HIV as an alternative to conven- 
tional antiretroviral regimens (3). Among 
other achievements, the network recently com- 
pleted a clinical trial that described the delete- 
rious effect on viral control and need for 
resumption of antiviral therapy in HIV- 
infected patients following immunization 
with an HIV-recombinant live vector anti- 
HIV candidate vaccine (4). Over the past year, 
ORVACS decided to focus on a rapid way to 
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evaluate HIV eradication strategies in an 
approach similar to the proposed HIV Latency 
Collaboratory described in the Richman 
Review. Our model combines treatment inten- 
sification with immune interventions aimed at 
activating latently infected cells and/or target- 
ing actively replicating cells with the goal of 
purging the reservoirs of HIV. Our first two 
trials are evaluating three immunomodulatory 
strategies plus intensification in patients with 
optimal viral suppression. Our protocols have 
been quickly developed at a reasonable cost 
and are being submitted to regulatory authori- 
ties in the various jurisdictions. 

We were convinced that only an interna- 
tional effort could achieve this objective 
because many of the smaller biotechnology 
companies and academics with products of 
interest or expertise are scattered around the 
globe. The funding necessary to coordinate 
such activities does not exist under current gov- 
ernment and industry mechanisms. Setting up 
this network in such a challenging environment 
would have been impossible without the origi- 
nal private seed funding plus the collaboration 
of multiple government and private institutions. 
Thanks to these unconventional sources and 
partnerships coupled with the exceptional 
enthusiasm from our scientific, industrial, and 
institutional partners, we overcame the obvious 
obstacles. We have now extended our previous 
global ORVACS network by including repre- 
sentatives from other major academic institu- 
tions, two major pharmaceutical firms, four 
biotechnology firms, and the NIH. 
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LIFE IN SCIENCE 


It Takes a Village 


task was easier said than done. Our four-wheel- 
drive pickup was stolen in Brazil and had to be 
restored by airplane. In the far south of 
Argentina, our boat sank with all of our equip- 
ment—and us—on it. But perhaps the most 
memorable adventure was the quest for our 
missing samples and the villagers in a small 
town in Argentina who came to our aid. 


A couple of years ago, we set out along with a team 
of ecologists to sample 100 lakes along the east 
coast of South America. We discovered that the 


We had been in the field, traveling from lake to 
lake, for almost 2 months straight. Our precious 
samples were stored in coolers in the back of our 
pickup truck. At night, we would park the pickup in 
guarded car-parks. One early morning, we took the truck 
to lake El Paraiso. After a long day of fieldwork, we went to 


T cell sensitivity 
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Keeping Mars Clean 


C. P. MCKAY (“BIOLOGICALLY REVERSIBLE EXPLO- 
ration,” Policy Forum, 6 February, p. 718) rec- 
ommends that “COSPAR [the international 
Committee on Space Research] ... set a policy 
that all Mars exploration be biologically 
reversible.” I agree; it allows rigorous scientific 
study of past and current life there without pre- 
supposing that it will be easily recognizable or 
accessible. However, several assertions may not 
go far enough to enable remediation, which 
could make cleanup politically or fiscally 


in turn, contacted all vets in the area. The neigh- 
bor, the police, and a veterinarian all contacted 
the radio show as soon as they heard our story. What 
a relief: We recovered almost all of our samples and 
became local celebrities in the process! 


impossible. Key are clear statements as to the 
purpose and urgency of exploration that may 
contaminate; biological discovery and mining 
may not be compatible. 

McKay asserts that “hitchhiking organisms” 
exposed to the martian environment are killed 
quickly by ultraviolet (UV) solar radiation but 
that bacteria inside spacecraft may survive and 
remain dormant because of the dry conditions. 
This theory does not account for the environ- 
ments beneath the surface. Biological contam- 
ination from a crashed vehicle could be buried 
by the impact or deposited by Mars’ winds in 
UV-shielded crevasses far from the crash site. 
A nighttime introduction would not expose bac- 
teria to UV, allowing them time to work into 
cracks or other protected niches. Second, the 
surface may be dry, but the Phoenix Mars 
Lander found water ice at 5 cm below the sur- 
face. Should bacteria reach subsurface liquid 
water, they could propagate rapidly. Third, the 
Policy Forum states that contaminants “will re- 
main local and static and can be removed with- 
out requiring an effort vastly larger than the 
missions that carried the contamination.” Such 
conclusions don’t account for wind dispersal of 
contaminants not exposed to UV or possible 
burial by meteor strikes or landslides. 


the fence and walk the last 2 km through a mosquito- 
infested swamp. But it was for naught; the cooler was 
not there. 


Back in the village, at the suggestion of a local, 


we sent a plea for help through the local radio 


station. Even before we arrived back at our 
hotel, three people had called with information. 
Apparently, someone had stolen the cooler dur- 
ing the night. Disappointed with its contents, 
the thief had thrown the cooler with samples in 
a garden adjacent to the hotel. The owner of the 
garden found them and, thinking they were vet- 
erinary samples, informed the police. The police, 
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store the “catch of the day” 
in the cooler, only to discover that 
the cooler was no longer there. 

We drove back the 30 km to the pre- 
vious day's worksite in the hope that we 
had left the cooler there. Upon realiz- 
ing that we did not have the key to the 
gate of the lake, we decided to climb 
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EDITOR'S NOTE 

This is an occasional feature high- 
lighting some of the day-to-day 
humorous realities that face our 
readers. Can you top this? Sub- 
mit your best stories at www. 
submit2science.org. 
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LETTERS 


“Biologically reversible exploration” (put- 
ting off cleaning up) may be impossible given 
experiences on Earth. Remediation is often 
extremely expensive, requiring political re- 
solve. In Hawaii, for example, there is no 
effective control that is affordable and politi- 
cally feasible for scores of alien species. If an 
invasive weed cannot be controlled in Hawaii 
[as in the case of Miconia calvescens, an inva- 
sive tree (/)], what are the probabilities that a 
microbe on Mars can be contained and eradi- 
cated? How would costs be apportioned 
among space-faring nations? 

Lastly, McKay posits that discovering mar- 
tian life “may open discussions of warming 
Mars to help that alien life to flourish.” Al- 
though it is true that warming generally 
speeds metabolism, it may be prudent to 
complete noninvasive studies of martian life 
processes and its evolutionary path and cri- 
tique our motives for intervention first. While 
human-initiated warming of the planet may 
help humans, it would not necessarily “help” 
endemic life that has adapted to the present 
martian environment. Ifa goal of exploration 
is mineral extraction, early contamination, 
and plenty of it, would best justify a later con- 


clusion that Mars is too contaminated to clean; 
exploitation with decreased regard for contam- 
ination would be facilitated. As industries gain 
a foothold on Mars, their influence on gov- 
ernance there will strengthen. If COSPAR 
requires clean Mars vehicles, the astrobiologi- 
cal value of a more pristine Mars would be 
enhanced. Now is the time for caution, while it 
is still an option. WILLIAM R. KRAMER 


Department of Political Science, University of Hawaii, Manoa, 
Honolulu, HI 96822, USA. E-mail: wkramer@hawaii. edu 
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CORRECTIONS AND CLARIFICATIONS 


Reports: “Regulators of PP2C phosphatase activity function 
as abscisic acid sensors” by Y. Ma et al. (22 May, p. 1064; 
published online 30 April). The date of receipt was 27 
October 2008, not the later date in the original Science 
Express publication. The date has been corrected both 
online and in print. 


Reports: “Human induced pluripotent stem cells free of vec- 
tor and transgene sequences” by J. Yu ef al. (8 May, p. 797). 
Karyotypes were performed on each of the vector-free iPS cell 
clones analyzed and were reported to be normal. Through 


subsequent high-resolution chromosomal analysis by com- 
parative genomic hybridization, a small interstitial deletion 
of chromosome 15 was identified in one of the clones (iPS- 
DF6-9-12T). Re-review of the original karyotypes revealed 
that this small deletion was present and missed, and that the 
initial karyotype depicted in Fig. 3B was not normal, but 
should have been reported as: 46,XY,del(15)(q14q15). The 
karyotypes for the other vector-free iPS cell clones analyzed 
were also re-reviewed, and all are apparently normal. The 
revised karyotype for clone iPS-DF6-9-12T does not change 
the substance of the paper given that the karyotypes of the 
remaining vector-free clones appear normal. 


Books et al.: “Many worlds in tiny grains” by R. Holman (6 
March, p. 1291). The photographs of sand samples were not 
printed as intended. From top to bottom, the sands are actu- 
ally from Rodeo Beach, Marin County, California; Agate Beach, 
Oregon; Daytona Beach, Florida; Santorini, Greece; Ayers 
Rock, Australia; Saraha Desert, Mauritania; Santorini, Greece 
(again); and Old Course Golf Course, Scotland. The photo- 
graph of shell-rich sand from Bermuda (shown here) men- 
tioned in the original caption was inadvertently replaced. 
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SUMMER READING 


Pages to Turn on a Lazy Day 


and enjoyable books for summer reading. This spring, we turned to graduate 
students, postdocs, and recent AAAS interns and media fellows for recom- 
mendations. We encouraged them to consider nonfiction and fiction, requesting 
only that the books be linked in some way (however tenuous) to science. As in 
2007 (see Science 316, 1845), we indicated a preference for titles from the last 
few years. We hope that these brief descriptions lead you to some relaxed read- 


I n the past, we have looked to senior scientists for suggestions of thoughtful 


ing, whether at home or while on vacation. 


—-Sherman J. Suter 


Amos Nur and Dawn Burgess, Apocalypse: Earthquakes, Archaeology, and 
the Wrath of God. This fascinating multidisciplinary insight into the effects of 
earthquakes on ancient civilizations suggests how cooperation between geosci- 
entists and archaeologists can benefit both fields. The authors’ intriguing argu- 
ments challenge the long-held archaeological precept that violent tremors were 
not important catalysts in the collapse of past societies. Nur and Burgess sug- 
gest that archaeological records of major quakes can extend modern seismic 
catalogs and provide more accurate estimates of seismic hazards. Their lucid 
accounts of the impact of earthquakes at sites such as Troy, Jericho, Knossos, 
Mycenae, and Teotihuacan will appeal to scientists and nonscientists alike. 


—Aubreya Adams (Pennsylvania State University) 


Simon Singh, The Code Book: The Evolution of Secrecy from Ancient Egypt 
to Quantum Cryptography. This history of codes and ciphers focuses on the 
ongoing “arms race” between cryptography and codebreaking technologies. It 
charts developments in these fields through a variety of time periods and appli- 
cations, including examples from ancient Greece, the Middle Ages, World War II, 
and modern computer encryption. The engaging narrative spotlights influential 
and interesting personalities in cryptography through the years. Singh’s care- 
fully chosen examples illustrate concepts so vividly that | promptly and clearly 
understood each concept. Hugely enjoyable and intellectually stimulating. 


-Gloria Brar (University of California, San Francisco) 


Leonard Mlodinow, Feynman's Rainbow: A Search for Beauty in Physics 
and in Life. Mlodinow documents his first year as a postdoc in the physics 
department at Caltech in the early 1980s. Struggling with the “impostor syn- 
drome,” he approaches Richard Feynman for career advice. As time progresses, 
they develop a close friendship, and their conversations reach far beyond 
physics—Feynman becomes a mentor to Mlodinow in all aspects of life. The 
book offers a unique and intimate view of the personality of one of the 20th 
century's most prolific thinkers and the journey of a young scientist searching 
for his niche in the world. 


—lan B. Burgess (Harvard University) 


Richard Lewontin, /t Ain’t Necessarily So: The Dream of the Human Genome 
and Other Illusions. This collection of beautifully written and highly engaging 
essays by evolutionary biologist Richard Lewontin provides an informative 
account of developments in genetics research over the past few decades. The 
author's fresh and thoughtful views call attention to the profound differences 
between the genetic profile of an organism and the complex interactions that 
make living beings whole. The essays raise far-reaching questions that are rarely 
discussed in the field and remain timely reading in this age of the genome. 


—Laura Colgin (Norwegian University of Science and Technology) 


William W. Warner, Beautiful Swimmers: Watermen, Crabs, and the 
Chesapeake Bay. A classic in natural history writing, this 1977 Pulitzer Prize 
winner takes its title from a famous symbol of the Chesapeake Bay: the blue 
crab, Callinectes sapidus. Warner offers an excellent introduction to the ecology 
and behavior of this feisty animal, weaving together views of scientists and 
detailed observations by the watermen who hunt it. His fascinating and enter- 
taining read also records a way of shore life that, threatened even over 30 years 
ago now, may soon disappear. 


Richard A. Fortey, Trilobite! Eyewitness to Evolution. This journey through 
time and behind the scenes of museums around the world showcases the bewil- 
dering diversity of the once-ubiquitous trilobites and their geological impor- 
tance. Conveying his passion and something approaching trembling awe, 
Fortey gives readers a sense of the excitement of studying extinct creatures and 
the feelings that come from touching small pieces of life’s history. 


—Elizabeth A. Diamond (Rutgers University) 


Daniel Kehlmann (translated by Carol Brown Janeway), Measuring the 
World. Tapping the lives of two very different but contemporary scientists, 
mathematician Carl Friedrich Gauss and explorer Alexander von Humboldt, 
Kehlmann creates an enjoyable adventure story that manages to entertain in an 
intelligent way. He draws Gauss as a grumpy genius, Humboldt as an eccentric 
obsessed traveler. Although he may not portray the historical characters accu- 
rately, they become amazingly alive. While attempting to measure the world in 
their own ways, both have the same passion for science. 


—Barbara Fischer (University of Bonn) 


Margaret Atwood, Oryx and Crake. Nothing says summer like a good 
dystopian-turned-postapocalyptic future. Atwood’s deeply disturbing novel 
paints a fascinating, sometimes nauseating, picture of biotechnology gone awry 
(for example, food of the future “Chickie Nobs” are meaty protrusions sprouted 
from a headless, footless chicken base) but also delves into human psychology. 
Word-guy Jimmy and science-guy Crake—a classic juxtaposition—are best 
friends, colleagues, and elites housed in a gated compound in this near-future 
world; Oryx, a tragic love interest, comes from the far grimmer landscape out- 
side. This tangled human web erupts in a global cataclysm that leaves only 
Jimmy to care for a Crake-engineered posse of posthumans. The chilling conclu- 
sion will keep you pondering this cautionary tale well into the fall. 


—Erika Gebel (former AAAS media fellow) 


Jennifer L. Rohn, Experimental Heart. Describing the daily life of lovestruck 
postdoc Andy, this scientific novel can’t be put down. It realistically and humor- 
ously portrays the inner workings of a biology research lab, relations between 
the scientific community and the public, and the highs and lows of research life. 
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That would be enough to captivate scientists (been there, done that, felt that 
way) and give nonscientists an inkling of what life in a lab is like. To spice things 
up, Rohn spins a riveting thriller—replete with scientific discovery, fraud, falsi- 
fied reagents, romantic darkroom encounters, threats, and even abduction—as 
Andy searches for personal and scientific fulfillment. 


—Alice Genevet (Cancer Research UK) 


Rick Weiss and Jonathan D. Moreno, Eds., Science Next: Innovation for 
the Common Good. This fairly short, readable collection of essays from the 
progressive Center for American Progress addresses a wide variety of sci- 
ence policy topics, including climate change, digital communications, 
stem-cell research, innovation, and education. The often thought-provoking, 
if occasionally relatively simple, pieces are intended to illuminate the inter- 
section of science and policy and to explore science as a “social enterprise” 
in the public interest. 


Alan Lightman, Einstein’s Dreams. Novelist and former physicist Light- 
man offers a wonderfully literary meditation on the theory of relativity. He 
begins with a young patent clerk in Berne who, while working out his new 
theory, can’t help but drift off to sleep. Subsequent chapters (fables) pre- 
sent a series of individual “dreams” of fantastical worlds with physical rules 
very different from our own. An exploration of the nature of time, human 
society, and even spirituality, this former bestseller is often whimsical and 
highly rereadable. 


—Matt Hourihan (AAAS intern) 


Brian Greene, The Fabric of the Cosmos: Space, Time, and the Texture of 
Reality. How did the universe begin? Why does time seem to flow one way but 
not the other? How many dimensions does the universe really have? Theoretical 
physicist Greene tackles some of the deepest and most challenging questions in 
science, taking readers on a guided tour of physicists’ search for answers. His 
enjoyable examples and analogies feature characters from The Simpsons, The X- 
Files, and more. He vividly explains breakthroughs in relativity, quantum 
mechanics, and string theory using language simple enough for a layperson but 
with enough depth to engross any professional physicist. 


—Daniel Hummer (Pennsylvania State University) 


John Derbyshire, Prime Obsession: Bernhard Riemann and the Greatest 
Unsolved Problem in Mathematics. Although the topic of the distribution of 
prime numbers may seem inaccessible and boring to most nonmathematicians, 
Derbyshire’s accounts of Riemann’s hypothesis and life provide an exciting and 
rewarding read. Chapters on mathematics alternate with ones giving historical 
and biographical background. Some familiarity with basic math makes the for- 
mer easier to digest, but anyone can enjoy the book. 


—Jussi Lehtonen (University of Helsinki) 


A. J. Jacobs, The Know-It-All: One Man's Humble Quest to Become the 
Smartest Person in the World. To achieve his goal, Jacobs attempts to audition 
for Jeopardy, competes on Who Wants to Be a Millionaire?, and hobnobs with 
his newfound Mensa peers, all while reading the Encyclopedia Britannica from 
cover to 32nd cover. His hilariously quirky adventures juxtaposed with his 
insightful ideas regarding the difference between knowledge and intelligence 
will keep you entertained from A-ak to Zywiec. 

—Cassandra Leigh (AAAS intern) 


Neal Stephenson, Quicksilver. In this work of historical fiction, set in the 
early Enlightenment, scientific giants such as Newton, Huygens, Hooke, and 
Leibniz share center stage with the theories of gravity and calculus. 
Painstakingly detailing a world in which scientific thought is emerging, 
Stephenson captures the excitement of discovery against a background of reli- 
gious, political, and social upheaval. The adventures of a thoroughly entertain- 
ing vagabond “Half-Cocked Jack” and his companion Eliza allow an expansive 
description of Western Europe at the time, while the book still keeps an eye on 
broader political intrigue. 


—Steven Lockton (University of California, Berkeley) 


Isaac Asimov, The Foundation series. These books chart the rise and fall of a 
galactic empire and ultimately the search for Earth. The series is best read in 
chronological order according to the books’ time frames (not the order of pub- 
lication): Prelude to Foundation, Forward the Foundation, Foundation, 
Foundation and Empire, Second Foundation, Foundation’s Edge, and 
Foundation and Earth. Foundation was originally written as a collection of short 
stories and, at times, may be difficult to follow. The novels broach fundamental 
aspects of what it means to be human. 


Orson Scott Card, The Ender's Game series. These novels (and prequel short 
stories) on the life of a boy military genius who saves humanity from an alien 
race only to be banished for genocide should also be read in chronological 
order: First Meetings, Ender’s Game, A War of Gifts, Ender’s Shadow, Shadow of 
the Hegemon, Shadow Puppets, Shadow of the Giant, Ender in Exile, Speaker for 
the Dead, Xenocide, and Children of the Mind. Over the course of the series, the 
focus shifts from military tactics and troop relationships to the true nature of 
religion and the political basis of morality. The Shadow titles form an entertain- 
ing spin-off within the series. The early books are fast reads, great for the beach. 
The later ones may take a little more focus than you can muster after your sec- 


ond or third pifa colada. 
—Kathryn Luke (AAAS) 


Jonathan Haidt, The Happiness Hypothesis: Finding Modern Truth in 
Ancient Wisdom. Looking for “great ideas” that might bring meaning to 
life, Haidt explores philosophies from many cultures and time periods to 
determine which wisdoms are pervasive. He weaves together examples of 
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human nature and psychological theory to describe how the human mind 
works and the competition for control between our conscious mind (head 
brain) and our instincts (gut brain). 


Victoria Miller (Pennsylvania State University) 


Richard Wiseman, Quirkology: How We Discover the Big Truths in Small 
Things/The Curious Science of Everyday Lives. Like the following suggestion, 
this book celebrates possibly the most important quality for a scientist, curios- 
ity. Summarizing years of quirky research, psychologist Wiseman turns simple, 
everyday questions into scientific matters through which we can learn about 
human behavior. His subjects range from how birthdays influence personal luck 
to how to spot a liar by looking at his eyes. Entertaining and witty, his account 
is rich in anecdotes and trivia. Do you know the funniest joke in the world? 


Richard P. Feynman and Ralph Leighton, edited by Edward Hutchings, 
Surely You're Joking, Mr. Feynman! Adventures of a Curious Character. 
These autobiographical stories follow physicist Feynman from childhood, 
through his formative years at MIT and Princeton and his participation in the 
Manhattan project, to his years of stardom at Caltech. Moved by an enthusiastic 
spirit of enquiry and a playfully skeptical attitude, he fixes radios, tracks books 
by smelling them, investigates his sleep, and experiments with drugs. This 
clever collection is a monument to curiosity as an invaluable ingredient of a pas- 
sionate and adventurous life. 


—Andrea Orsi (Cancer Research UK) 


Penny Le Couteur and Jay Burreson, Napoleon's Buttons: How 17 
Molecules Changed History. Two organic chemists discuss how certain mole- 
cules—from coffee sweeteners that don’t add calories to drugs that fight 
malaria to possibly the greatest killer of all time—have influenced everyday 
lives and helped shape history. They balance chemistry, history, and culture in 
an accessible and enjoyable account that gets one looking at the world around 
us in a whole new light. 


—Olga Pantos (University of Queensland) 


Walter Isaacson, Einstein: His Life and Universe. Who knew one could 
snuggle with a 700-page biography? Isaacson toes a nearly ideal line 
between the personal and private Einstein, illustrating how each shaped the 
other. As a graduate student, | was both inspired and daunted by challenges 
that a young Einstein had to overcome from the scientific and political estab- 
lishment before he developed into the face of the very same establishment. 
Although biographers can never provide the full picture of a life, the author's 
expansive scope and exhaustive referencing suggest he has come pretty close. 


Robert Charles Wilson, Spin. A modern sci-fi novel in classical style, this 
epic is rich in imagination and filled with “whoa” moments firmly rooted in 
hard science. But it is really about people and what happens to them when 
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something unimaginable occurs. Wilson describes the effects through the 
lenses of both children and adults while addressing religion, politics, 
romance, and science. It is the kind of book that leaves one thinking “I wish 
| lived in this type of world,” only to realize that we very well may. Read it 
without any background knowledge of the plot. Don’t even let the back 
cover tempt you. 


—Aaron Price (Tufts University) 


Daniel Gilbert, Stumbling on Happiness. Looking at the science behind 
how people understand and attempt to achieve happiness, Gilbert blends 
explanations of numerous psychology experiments with witty narrative to 
highlight the predominantly unnoticed tricks that our minds play on us when 
interpreting past and present information. Acknowledging and compensating 
for these tricks increase the possibilities of future happiness. Well written and 
extremely entertaining, the book should please both those who just want a 
good laugh and those seeking a deeper understanding of the processes by 


which we make decisions for the future. 
—Sarah Remmert (Oxford University) 


Doris Lessing, Mara and Dan. This topical and captivating novel by the 2007 
Nobel laureate in literature describes the journey of two children in a future era 
after climate change. Mara and Dan inhabit a world that combines preindustrial 
resources with the remnants of Western science and technology. With the 
American continent only a legend and Europe lost under glaciers, their adven- 
ture takes place in drought-struck Ifrik (Africa), among telltale signs of the dire 
losses humanity has suffered. For them, our civilization is a semi-mythical 
memory, enduring through strange objects, such as skyscrapers abandoned 
underwater or surrounded by great deserts. This tale of human survival, kinship, 
and love echoes the greatest human epics, while sounding the alarm about the 
urgent need to halt global climate change. 


—Deborah Talmi (University College London) 


Rivka Galchen, Atmospheric Disturbances: A Novel. The Royal Academy of 
Meteorology hides secret messages in the New York Post. These coded instruc- 
tions to Harvey are part of their clandestine war with the mysterious 49 
Quantum Fathers, who seek to control the weather to reap fortunes in crop 
futures. Harvey may be delusional. So, too, may be his psychiatrist, the protag- 
onist Leo, who is convinced his wife Rema has been kidnapped, replaced by a 
doppelganger. Sensing the influence of the Academy, Leo scrutinizes the atmo- 
spheric studies of Tzvi Gal Chen for clues, which lead him to Patagonia. Along 
the way we learn about Doppler radar, mental health, and the ever-shifting 
shapes of aging romantic love. 


—Brad Wible (former AAAS media fellow) 
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ECOLOGY 
A Story of Symbiosis 


Leigh Krietsch Boerner 


series is best described as an ecological 

fairy tale. What the cover proclaims a 
“most peculiar comic book experience,” the 
deceptively simple black-and-white cartoons 
concern how a race of creatures interacts with 
their environment. “Beanworld is about the 
affinity of life,’ Marder states in the begin- 
ning of the story. “All the characters, 
whether they are friends or adversaries, 
understand that ultimately they depend on 
each other for survival.” 

Marder first drew his minimalist, “bean” 
characters while an editorial cartoonist for his 
university newspaper in the early 1970s. He 
started Tales of the Beanworld in the mid-1980s 
under Eclipse but then abruptly ended it, mid- 
storyline, in 1993. The story so far is being re- 
released though Dark Horse Comics in two 
hardcover graphic novels: the already available 
Wahoolazooma! and A Gift Comes!, due out in 
early August. Much to the delight of his long- 
term fans, Marder is picking up the narrative 
and continuing from where he left off. 

The tale is one that’s a 
bit ... different. Even in the 
comic book world, where 
nerds have secret super- 
powers and aardvarks go on 
hero quests, Beanworld is 
unusual: “a weird fantasy 
dimension operating under 
its own rules and laws.” 
The world is populated 
by Beans, and the story 
chronicles their struggle to 
find a place in their uni- 
verse, which Marder calls 
“The Big Big Picture.” 
That picture is unlike any- 
thing you’ve seen before. 

The gist is this: Mr. 
Spook, the hero and pro- 
tector, leads the Chow 
Sol’ jer army on raids to steal a substance called 
chow, the Beans’ food, from the Hoi-Polloi 
ring herd. The Hoi-Polloi are a race of one- 
armed gamblers that live below the four reali- 
ties, the elemental forms (slats, hoops, twinks, 
and chips) the Beans use to make tools. The 
exchange between the Beans and the Hoi- 


L= Marder’s Tales of the Beanworld 


Beanworld 


by Larry Marder 


Beanworld 


by Larry Marder 


The reviewer, a former AAAS media fellow, is at the 
Department of Chemistry, Indiana University, Bloom- 
ington, IN 47405, USA. www.ljkboerner.wordpress.com 


Book 1: Wahoolazuma! 


Dark Horse, Milwaukie, OR, 
2009. 272 pp., illus. $19.95. 
ISBN 9781595822406. 


Book 2: A Gift Comes! 


Dark Horse, Milwaukie, OR, 
August 2009. 272 pp., illus. 
$19.95. ISBN 9781595822994. 


OH, BEANISH, MY FRIEND, THIS IS THE MOMENT I'VE BEEN 
IMPATIENTLY WAITING FOR! YOU FOUND THE HIDDEN CLUE! 


IT WAS AN 
ACCIDENT! 


| DON'T CARE! NOW | CAN SEE A SHINING PATH 
OF INQUIRY. I'LL BE ABLE TO INVENT A TOOL 


THAT PUTS THIS STRANGE,NEW POWER TOWORK! 


Polloi is a violent one: spears are thrown, and 
chow is stolen. But Mr. Spook always leaves 
behind a sprout-butt, an object donated by 
Gran’ Ma’Pa, the Beans’ silent but sentient 
spiritual guardian. The Hoi-Polloi send mental 
love rays to the sprout-butt, and it dissolves 
into more chow, which they use as currency. 
The Beans will eventually come back for this 
chow and leave another sprout-butt behind. It’s 
closed, it’s cyclical, and it’s ideal, at least in the 
Beans’ opinions. As Mr. Spook 
says in A Gift Comes! “The life 
Gran’Ma’Pa provides is perfect, as 
long as we all carry out our duties.” 

This is the overarching theme 
in the Beanworld story: symbio- 
sis. The Beans and the Hoi-Polloi, 
although enemies, need the other 
to live. The Beans need one 
another as well. Each has a spe- 
cific job to do that contributes to 
the good of the tribe. Those who 
don’t go on chow raids have other 
important vocations. 

Among the most intriguing 
characters are the scientist-thinker, 
Professor Garbanzo, and the 
artist-in-residence, Beanish. The 
interactions between the two are 
fascinating to watch, mostly be- 
cause they employ the same methods (experi- 
ment and observation) to come to completely 
different ends. Both use the four realities as 
raw materials. Professor Garbanzo fashions 
tools for the Beans and invents things to pro- 
mote the upward movement of Bean society. 
Beanish creates his “Fabulous Look-See 
Show,” an artistic endeavor that challenges the 
Beans’ ideas of perception and reality. But 
even though their respective outcomes are so 
different, the story often has Garbanzo and 


Let the 
experiments 
begin. 


Beanish cooperating. Through simple ex- 
changes between two bulbous cute things, 
Marder raises some erudite questions. Does 
science need art? Does art need science? 

This reflects one of Marder’s great tal- 
ents: taking complex ideas and distilling 
them down to their basic components. 
Throughout the series, the reader encounters 
many lessons about ecology, invention, and 
cooperation. But they are presented so subtly 
that you won’t realize you are being taught. 
Instead of shoving ideas at his readers, 
Marder simply tells a story. You can take 
from it what you will. 

All this food for thought comes in an 
enjoyable and easily digestible package. The 
characters and ideas just make sense; the sto- 
ryline clicks and whirs with the utter preci- 
sion of a well-known folktale. Likewise, the 
drawings in Beanworld are eerily apt. It is 
almost as if they were not drawn but instead 
grew from the pages. Simple yet viscerally 
attractive, the art is charming. But it also has 
an odd sophistication, a hint of something 
more lying beneath. 

It is this dichotomy that makes Beanworld 
appealing to children and adults alike. The 
cartoony drawings and unpretentious story- 
line make it kid-friendly, and the delightfully 
weird and rhythmic language begs to be read 
aloud. Adults get to enjoy the deeper mean- 
ings and themes and appreciate it for the 
unlikely work of art that it is. Both can 
wonder together, what will happen next? 
Whereas longtime Beanworld fans have been 
kept in suspense for 16 years, new readers 
will only have to wait a few months to find 
out. The next episode in Marder’s far-out 
fantasy, Remember Here When You Are 
There! should appear in mid-November. 

10.1126/science.1176005 
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MATHEMATICS 
Numbers to 
Remember By 


Katharine Ott 


oko Ogawa’s novel The Housekeeper 
VY the Professor tells the story of an 
unexpected kinship between a Japa- 

nese mathematician, his hired housekeeper, 
and her son. The Professor, who studied mathe- 
matics at Cambridge, held a prominent univer- 
sity position until a car accident in 1975, when 
he was 47 years old. The crash left him with a 
short-term memory resembling a videotape 
that erases and records over itself every 80 min- 
utes. Isolated from the present 
day by this memory impair- 
ment but able to recall every- 
thing he knew prior to the 
accident 17 years ago, the Pro- 
fessor finds his only peace in 
the world of numbers. The 
Housekeeper of the title, a sin- 
gle mother, narrates the story. 
Every day, and numerous times 
within each day, the House- 
keeper and her son appear as 
strangers to the Professor. In order to help ease 
their frequent introduction, he wears a note 
clipped to his suit containing a crude drawing 
of her face and the simple words: “The new 
housekeeper ... and her son, ten years old, V .” 
The Professor nicknames the House- 
keeper’s son Root because the flat shape of his 


The reviewer, a former AAAS media fellow, is at the 
Department of Mathematics, University of Kentucky, 
Lexington, KY 40506-0027, USA. E-mail: katharine.ott@ 
uky.edu 


Wave. Suzy Lee. Chronicle Books, San 
Francisco, 2008. 40 pp. $15.99. ISBN 
9780811859240. 

In this wordless story, a carefree little girl 
and a flock of gulls play with the encroach- 


ing tide. She grows progressively bolder 
and ends up drenched—but delighted with 
the shells left on the sand. Lee’s simple, 
lively, and evocative charcoal and acrylic 
illustrations will charm adults and children 
of any age. The book kindles desires for 
one’s own bright day at the beach. 


The Housekeeper 
and the Professor 


by Yoko Ogawa 


Translated from the 
Japanese (7) by Stephen 
Snyder. Picador, New 
York, 2009. 190 pp. 
Paper, $14, $C18. 

ISBN 9780312427801. 


head resembles the square root sign,V . The 
Professor’s love for mathematics is equaled 
only by his love for Root and children in gen- 
eral. In his words, “primes were the base on 
which all other natural numbers relied; and 
children were the foundation of everything 
worthwhile in the adult world.” Accordingly, 
Root’s character serves as a fundamental link 
between the Professor and the Housekeeper 
because he resolves their differences. To draw 
an analogy in mathematics, as the Professor is 
fond of doing, Root acts as the | in Euler’s for- 
mula: he resolves the relationship between e 
and 7 into one harmonious equation, e” + 1 =0. 

The principal events in this quiet novel (a 
trip to a baseball game and a party celebrating 
Root’s 11th birthday) are not its important 
moments. Instead, the narrative blossoms 
in the passages describing the 
Housekeeper’s journey into math- 
ematics. The Housekeeper is not 
inclined toward math—in fact 
the subject made her feel ill in 
school—but she is inspired by the 
Professor’s passion for it. She 
brings numbers alive for herself 
and the reader by giving them 
human traits and emotions. For 
instance, when learning about 
“twin primes” (pairs of prime 
numbers that differ by 2, such as 3 and 5 or 11 
and 13), the Housekeeper imagines that “the 
twins had matching outfits and stood holding 
hands as they waited in the number line.” In 
another example, the “abundant number” 18 
(its divisors sum to a number great than 18) 
“secretly carried a heavy burden,” whereas 
the “deficient number” 14 (its divisors sum to 
a number less than 14) “fell mute in the face 
of its terrible lack.” 

One climactic moment occurs when the 
Housekeeper finds a formula for adding all 
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consecutive integers from | to 10. It is not an 
original proof, but any student of mathemat- 
ics who has struggled with a problem will 
recognize the Housekeeper’s accomplish- 
ment in solving it on her own. Her moment of 
discovery is momentous, “the clarity and 
purity of the solution was even more extra- 
ordinary in light of the confusion it had 
emerged from, as if I’d unearthed a shard 
of crystal from the floor of a dark cave.” The 
Professor deserves some credit for the 
Housekeeper’s discovery. He excels where 
many math teachers fall short, encouraging 
her to ask questions and instructing her on the 
process of problem-solving. “It’s important to 
use your intuition. You swoop down on the 
numbers, like a kingfisher catching the glint 
of sunlight on the fish’s fin.” 

The novel ends swiftly and predictably. 
Readers will quickly forget its conclusion and 
recall instead the miraculous connections 
between numbers revealed by the Professor 
and the Housekeeper. One such numerical 
bond that lingers in the imagination links the 
Housekeeper’s birthday, February 20 (or 220), 
to the number 284 engraved on the back of the 
Professor’s watch. This pair of “amicable 
numbers” (the sum of the factors of 220 ex- 
cluding itself equals 284, and the sum of the 
factors of 284 excluding itself equals 220) is 
extremely rare. Pythagoras knew of amicable 
numbers and associated mystical properties to 
these friendly pairs. One is led to hope that 
although the Professor’s memory prevents 
him from remembering the Housekeeper and 
Root, perhaps numbers do reveal to him the 
true nature of their friendship. 
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SCIENCE INNOVATION 


Assessing the Impact 
of Science Funding 


Julia Lane 


by the passage of the American Re- 

investment and Recovery Act (ARRA, 
i.e., the stimulus package). Headlines in 
Science (1) and Nature (2) rejoiced at the new 
value placed on science as a basis for eco- 
nomic growth and associated job creation. 
Indeed, federal investment was at least partly 
based on a belief that the result would be more 
competitive firms and more, and better, 
jobs—and soon! (3). That belief was 
bolstered by advocacy groups: For 
example, a report by the Information 
Technology and Innovation Foun- 
dation (ITIF) estimated that an addi- 
tional $20 billion investment in 
research in the stimulus package 
would create ~402,000 American 
jobs for 1 year. 

Within 2 years, the public will 
want to be informed about the impact 
of the stimulus on the economic 
recovery. Were the estimates accu- 
rate? How can they be validated? And, 
in the longer term, what were the 
impacts of the reinvestment strategy 
on scientific knowledge, economic 
growth, and job creation? But we 
should also want to be informed about 
questions that go beyond the immedi- 
ate accounting issues raised by ARRA. 
For example, what deeper under- 
standing did we gain about the mech- 
anisms whereby knowledge is created 
and how it contributes to both eco- 
nomic and social outcomes? Given 
the global nature of both economic 
and scientific activity, how did the sci- 
ence investments of other countries 
affect the United States? What new 
measures and indicators were developed to 
measure those contributions, and how can they 
be used to inform future investments and the 
response to future economic downturns? 
Answers to these questions will need to be 
based on theory and empirical evidence, as 
well as conveyed in a manner that is under- 
standable. Some insights can be drawn from 


So supporters were rightly excited 


Quantity of output per period of time 


Science of Science and Innovation Policy, National Science 
Foundation, Arlington, VA 22230, USA. E-mail: jlane@ 
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research into the science of science and inno- 
vation policy (SciSIP) (4). 

Much of the public discussion about the 
“science stimulus,” consistent with the appar- 
ent precision of the ITIF estimates, suggested 
that the outcomes of scientific investments 
were both certain and tied to economic growth. 
It is true that science policy in the United States 
and abroad is largely predicated on such 
beliefs. The United Kingdom’s Innovation 


Q =f (X1, Xr, X3) 


Units of variable 
inputs per period 


of time 


APP 


Units of variable 
inputs per period 


of time 


MPP 


Stage 1 Stage 2 Stage 3 


A standard approach to linking inputs and outputs that has been 
used to study innovation. Output (Q) is shown as as a linearizable 
function of inputs (X,, X,, and X,). The efficiency of different stages of 
production is described by the relationship between average physical 
product (APP) and marginal physical product (MPP). 


Agenda identifies basic research as critical to 
productivity and employment growth (5), as 
does the Organization for Economic Coop- 
eration and Development’s (OECD’s) innova- 
tion strategy (6). Saudi Arabia has invested $6 
billion to set up a new science and technology 
university (7), and the Japan Science and 
Technology Agency has made investment in 
basic research a cornerstone of its economic 
strategy (8). Certainly, there are a number of 
anecdotes that make the case that science 
investments create jobs. For example, four 


Quantifying the outcomes of investment 
in science is not an easy task. 


researchers at the University of California at 
San Diego have been credited for the vibrant 
growth of San Diego, creating more than 
40,000 jobs in life sciences and over 12,800 in 
electronics (9). The emergence of Google has 
been traced to National Science Foundation 
support of one of its founders, Sergey Brin, 
who was an NSF Graduate Research Fellow, 
and a $4.5 million Digital Library Initiative 
grant from NSF to Stanford that helped support 
early Google prototypes. 

However, much of the research in 
science policy is cautious about the 
impact of science investments—con- 
sistent with Congressional Budget 
Office expectations that increased 
spending for basic research and educa- 
tion would have very wide ranges of 
expected impacts and might affect out- 
put only after a number of years. 
Cross-national evidence also suggests 
that investment in science, while often 
successful, is not a guarantee of short- 
term economic growth and job cre- 
ation. The U.S. experience of the past 
decade, in which more than three- 
quarters of post-1995 increase in pro- 
ductivity growth could be traced to sci- 
ence investments (/0), was not dupli- 
cated in all other countries. For exam- 
ple, massive investments in university 
and government research institutes 
had little short-term impact on Japan’s 
economic growth and “demonstrates 
that science, technology, and innova- 
tion policy cannot compensate for 
adverse framework conditions (e.g., 
dysfunctional financial systems)” 
[U1), page 8]. Similarly, Sweden, 
despite having invested heavily in 
research and development (R&D), has 
employment that is still below the precrisis 
level in 1990 despite a population growth of 
more than 5% (/2). In sum, we do not under- 
stand the mechanisms through which invest- 
ments in R&D, and their immediate products 
(knowledge and technologies) interact with 
other aspects of societies and economies. 

Understanding the reasons for these cross- 
national differences is important not only for 
answering questions about the impact of the 
“science stimulus” and guiding policy deci- 


www.sciencemag.org SCIENCE VOL324 5JUNE 2009 


Published by AAAS 


1273 


POLICYFORUM 


1274 


sions but also for responding to a fascinating 
scientific challenge. Similar policy-related 
challenges have resulted in scientific advances 
in the past. Jim Heckman’s analysis of the 
econometric issues associated with labor pol- 
icy not only earned him the Nobel Prize in 2000 
but also guided government policy in training 
(13); Vernon Smith’s research in alternative 
market mechanisms not only earned him the 
Nobel Prize in 2002 but also guided the design 
of broadband communication spectrum auc- 
tions and allocating landing slots at airports. 

The challenge in the field of SciSIP is 
greater than in many policy areas for a number 
of reasons. The relation between science and 
innovation is nonlinear in nature, with com- 
plex outcomes that can vary substantially by 
discipline and be subject to considerable time 
lags. The units of analysis can similarly be 
quite complex, ranging from the individual to 
project teams to organizations to political sys- 
tems: As a result, relevant research takes place 
in separate disciplines such as economics, 
sociology, political science, and psychology. 
This complexity has created a substantial 
empirical challenge: Because the creation and 
transmission of knowledge and technologies 
result from complex human and social interac- 
tions, new ways need to be developed to cap- 
ture data on those interactions, and new data 
need to be developed to characterize the even- 
tual outcomes. Finally, a related and equally 
interesting scientific challenge is how best 
to convey the results of scientific analysis to 
policy-makers and the public. Even the terms 
“innovation,” “science,” “technology,” and “re- 
search and development,” used interchange- 
ably in the popular press, mean very different 
things to the scientists who study the science 
and innovation enterprise. 


The Scientific Challenge 
The ITIF estimate of job creation in the 
opening section of this essay was derived 
from the Bureau of Economic Analysis’s 
RIMS II model: a linear model linking sci- 
ence investments to economic outcomes. 
The basis is an input-output model of spend- 
ing flows (/4) in which spending on the 
RIMS II category of “scientific research, 
equipment, and facilities” directly generates 
scientific and construction jobs and indi- 
rectly generates jobs in service areas such as 
restaurants through a multiplier effect. This 
approach functionally equates the impact of 
science to that of building a football stadium 
or an airport: The impact is derived from the 
demand side and depends on the amount of 
spending on bricks, mortar, and workers. 
Although this set of estimates was based on 
the most readily available and widely used 
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models at hand, it is unlikely to do full justice to 
the long-term impact of science investments. 
Deeper insights can be derived from using a 
production function framework in which eco- 
nomic value is determined by the amount of 
physical capital, labor, materials (including 
land), and energy devoted to producing a good 
and to the efficiency with which these factors 
are combined (see chart, page 1273). Early 
work by Robert Solow, for which he received 
the 1987 Nobel Prize, described how these fac- 
tors combine to generate productivity growth 
and increase welfare. Later work by Jorgenson 
and others (/0) used an enhanced production 
function approach to decompose the sources of 
productivity growth: The source of the finding 
that information-technology-—related increases 
in total factor productivity (i.e., innovation) 
explained more than three-quarters of the post- 
1995 increase in U.S. productivity growth. And 
a production function framework also provides 
the insight that the impact of science invest- 
ment on jobs is more likely to create jobs for 
skilled than for unskilled workers, because 
skilled workers in the production function are 
complements for technological advances; 
unskilled workers are substitutes (/5). 

Itis difficult to expand the production func- 
tion framework to encompass the nonlinear 
and complex nature of value creation in the 
knowledge economy. Innovation is nonlinear 
because the demand side and the supply side of 
ideas are inextricably intertwined. Innovation 
also involves the interrelationships of human 
beings and social structures and processes. 
Thus, the term “the ecology of innovation” is 
often used to emphasize the nonlinear set of 
relationships at the micro, meso, and macro 
levels (see figure, above). 

A good illustration of why it is critical to 
understand the complex nature of innovation 


ai 
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* Structural 
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Meso-Network connectedness and performance 
by tech sector and arena 


A few of the complex 
interrelationships in an 
innovation ecosystem. 
From (29). 


when making science investments is provided 
by NIH’s initial approach to funding biophar- 
maceutical research, particularly monoclonal 
antibodies and antisense technologies. NIH 
invested heavily in a research base, assuming 
that the resulting knowledge would draw entre- 
preneurs and venture capital and produce new 
drugs. However, as in many applications, tech- 
nology has separate components, including a 
generic technology base, supporting infratech- 
nologies, and proprietary market applications. 
Investment can occur at any of these points. 
Because this particular technology demanded 
substantial “proof-of-concept” (alternatively, 
“generic”) technology research and such a 
technology platform was not initially provided, 
the results of the initial investments were dis- 
appointing. In the case of antisense (a subset of 
RNA technology), first-generation chemistry 
yielded only one small-market drug over a 15- 
year period. Subsequent investments have 
been much more fruitful (6). This anecdote 
illustrates that understanding how the venture 
capital component of our national innovation 
system is organized and works can be critical 
to ensuring that science investments achieve 
their full impact. 

Understanding the ecology of innovation is 
important for answering the questions outlined 
in the introduction. The recovery part of ARRA 
was, by its nature, intended to have a short-term 
stimulative effect on job creation, but describ- 
ing the impact of the reinvestment part of the 
stimulus is likely to take much longer. Research 
suggests that the time lags from initial invest- 
ment to discovery, as well as the lag from patent 
to implementation, can take many years, or 
even decades. In other words, the science 
investment needs to generate an “aha” moment 
or an idea that has value; structuring that invest- 
ment so that the ideas move beyond the initial 
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research project is difficult (77). Translating 
that “aha” moment into an innovation also 
might require a well-functioning team or 
organization (/8, 19), a well-functioning patent 
system (20), a well-developed firm ecosystem 
(21), or appropriate university links to industry 
(22). The time lags can be substantial. Recent 
productivity growth in agriculture, for exam- 
ple, was based on research investments in the 
1800s (23). Biotechnology commercialization 
was based on scientific findings dating from 
the 1950s. The Internet revolution that bore 
fruit in the 1990s was based on scientific 
investments in the 1970s and 1980s. 

And, of course, a focus on economic value 
alone may also understate the true returns of 
investments in science. Indeed, one strand of 
research is attempting to develop a public value 
mapping of science outcomes: outcomes that 
are public, nonsubstitutable, and oriented to 
future generations and that capture dimensions 
such as competitiveness, equity, safety, secu- 
rity, infrastructure, and environment. The 
research is based on key ideas: (i) It is possible 
to identify public values, including ones not 
well captured by economic constructs; (ii) just 
as one can assess market failure, “public value 
failure” occurs when neither the market nor the 
public sector provides goods and services 
required to achieve designated public values; 
and (iii) innovation can be characterized not 
only in terms of contributions to economic 
growth and productivity but also in terms of the 
public values achieved (24). 


Answering the Questions 

Although there is a global interest in answering 
the questions, a recent Science of Science 
Policy roadmap, as well as researchers at a 
recent Science of Science Policy workshop 
concluded that the United States needs a major 
intellectual investment to permit further deep 
analysis of the impact of science investments 
(25). Some illustrations of those investments 
are identified below. 

The passage of the ARRA and similar leg- 
islation in other countries provides one such 
opportunity for analysis. NSF’s Science of 
Science and Innovation Program issued a 
RAPID (www.nsf.gov/pubs/2009/nsf09034/ 
nsf09034.jsp) call for proposals to mobilize 
the research community to assess the effects of 
ARRA both on the ecology of innovation and 
on the science and engineering enterprise. The 
portfolio of funded research from that call 
should provide new insights into many of the 
scientific questions posed above as the 
research is completed. 

Other examples of major investments also 
exist. The roadmap noted that the U.S. scien- 
tific data infrastructure is oriented toward pro- 


gram administration rather than empirical 
analysis. It currently does not allow science 
investments to be coupled with the associated 
scientific and technological, social, and eco- 
nomic outcomes (25). A number of U.S. 
research awards have been made to develop a 
pilot data infrastructure that provides infor- 
mation about where and to what purpose sci- 
ence tax dollars are spent. Some of these 
awards go beyond the use of administrative 
and survey data and both use and develop 
cyber tools to capture data on and about scien- 
tists, their interactions, and the related scien- 
tific and economic outcomes. 

In addition, there is the potential to expand 
the current science data infrastructure, which 
has some of the elements necessary to fully 
inform the analysis of science investments. 
Grants.gov provides a unified portal to find and 
apply for federal government grants. Research. 
gov and science.gov provide information about 
research and development results associated 
with specific grants, and a consortium of 
federal agencies provides R&D summaries 
(www.osti.gov/fedrnd). Open.gov and data.gov 
are being implemented to promote citizen par- 
ticipation in government decision-making by 
making government data available online, in 
keeping with President Obama’s vision (26). A 
mechanism that built on these and other initia- 
tives could couple science investments with 
outcomes in a systematic fashion. It could also 
engage the scientific community and the public 
in an ongoing dialogue to describe and amplify 
knowledge about these outcomes. 

Of course, the answer to the questions 
about the return on investments in science will 
not be contained in one number. A related 
intellectual investment is to advance under- 
standing of how to convey complex answers 
about the impact of science investments to the 
public. Emerging visualization techniques 
seem to be more effective than tables and digi- 
tal slide presentations at communicating the 
ways in which science investments bear fruit 
across a range of topics and disciplines. 
However, although visual representations are 
intuitively appealing, it is not clear what they 
convey: The scientific foundations upon which 
they are based are not fully developed. 
U.S.—funded research is thus moving beyond 
the science of simple mapping to leverage the 
science of visual analytics which has hitherto 
been used to “make sense” and describe the 
impact of terrorist, rather than scientific, net- 
works. Just as John Snow used maps in 1854 to 
identify the waterborne source of cholera, 
researchers in the field are combining “the art 
of human intuition and the science of mathe- 
matical deduction to perceive patterns and 
derive knowledge and insight from them” (27). 


POLICYFORUM 


Conclusion 

The ARRA was intended to both promote 
recovery and make new investments in the 
American economy. Answering questions 
about the impact of the stimulus has two parts: 
short term and long term. Short-term estimates 
of the recovery aspect of the “science stimu- 
lus” do not properly convey the complexity of 
the process. And although the reinvestment 
aspect reflects a long-term bet that investments 
in science will bear more fruit than invest- 
ments in stadia, and science still has a long way 
to go to provide full clarity in what those out- 
comes will be, a number of steps are being 
taken to ensure better answers in 2 year’s time. 
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Watching Nanocrystals Grow 


Christopher B. Murray 


he ability to observe individ- 
| ual chemical reactions in real 
time is reshaping our under- 
standing of molecular processes, 
revealing subtleties previously hid- 
den in ensemble averages. For exam- 
ple, single-molecule fluorescence 
detection methods have revolution- 
ized optical microscopy and in situ 
studies of chemical and biological 
systems (/). Liquid cell in situ trans- 
mission electron microscopy (TEM) 
is poised to write anew chapter in the 
solution synthesis and processing 
of materials. On page 1309 of this 
issue, Zheng et al. use a TEM liquid 
cell that allows liquids to be exam- 
ined within the vacuum environment of aTEM 
in an elegant experiment that uncovers dy- 
namic processes in the growth of platinum (Pt) 
nanocrystals (2). 

In in situ TEM, samples can be thermally 
cycled, mechanically stressed, electrically 
probed, and even grown from the vapor phase 
in the microscope (3, 4). This method has 
become an indispensable tool in “hard materi- 
als” research. The more recent development of 
liquid cell in situ TEM has enabled observation 
of real-time processes in liquid phases (5). This 
tool could transform colloidal nanocrystal syn- 
thesis by providing detailed mechanistic under- 
standing. Colloidal synthesis and processing of 
semiconductor, metal and dielectric nanocrys- 
tals have advanced tremendously in the past 
two decades, but synthetic innovations have 
been largely empirical (6). 

Pt nanocrystals are an ideal initial system 
for these studies because their high electron 
contrast allows liquid-cell TEM imaging of 
individual particles. The importance of col- 
loidal Pt nanocrystals as heterogeneous cata- 
lysts has also generated many high-quality 
nanocrystal growth studies, some specifically 
asserting that growth through coalescence 
plays a critical role (7). These earlier studies 
provide some of the motivation for making 
direct in situ experiments (7). 

The TEM liquid cell used by Zheng et al. 
(see the first figure) is microfabricated from a 
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Windows on nanocrystal growth. A TEM cell that allows liquids to be 
studied is depicted. 


pair of 100-um-thick silicon wafers, coated 
with 25 nm of silicon nitride, and sealed with 
a cover, similar to the design of Ross (5). 
Silicon is etched to create a central viewing 
chamber and a pair of microfabricated reser- 
voirs containing the Pt reagents and surfac- 
tants. A 200-nm-thick indium gasket sepa- 
rates the two electron-transparent silicon 
nitride membrane windows. 

Zheng et al. trigger nucleation and drive 
subsequent growth of the Pt nanocrystals by 
reducing Pt cations with the electron beam (8). 
Video-rate acquisition allows statistics of 
the growth trajectories of nanocrystals to be 
tracked from frame to frame (see the second 
figure). Zheng et al. observe that each nano- 
crystal has a finite probability of either grow- 
ing steadily through the addition of 
metal-containing monomers from sol- 
ution or merging with another nano- 
crystal in random coalescence events 
and thereby jumping ahead in the 
growth race. This subtle interplay of 
growth modes would be impossible to 
distinguish even with advanced in situ 
x-ray techniques (9), which are com- 
plementary to in situ TEM techniques 
in that they average over large ensem- 
bles of particles. 

The steady bombardment of these 
nanocrystals by electrons likely leaves 
them highly negatively charged, be- 
cause they are ungrounded and can 
float to high potential. Although it is 
somewhat unintuitive, Linse has 
established that highly charged col- 
loid “macroions” with like charges 
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In situ transmission electron microscopy has 
revealed unprecedented detail in the growth 
of platinum nanocrystals. 


can experience a net attractive force 
rather than the repulsion anticipated 
for simple point charges (/0). 

Perhaps the most intriguing obser- 
vation of Zheng et al. is that coales- 
cence events are often not epitaxial 
(which would create a single crys- 
talline particle), nor do they initially 
produce compact, low-surface energy 
structures (2). After the “merger” of 
the nanocrystals (see panel B of the 
second figure), the composite particle 
appears to undergo a reorganization. 
After such mergers, many particles 
appear to take a hiatus from growth, 
and even slim down slightly. The 
merged particle undergoes etching and 
annealing that eliminates high-energy defects 
and surface asperities to produce ultimately a 
single coherent nanocrystal of the type seen in 
the bottom panel of part B of the figure. 

Reorganization after nanocrystal coales- 
cence proceeds effectively, even at low tem- 
perature, to yield a single crystalline product. 
The nominal temperature of the solution is 
barely more than one-tenth of the bulk Pt 
melting temperature, but the process is pre- 
sumably aided by the energy of the electron 
beam and the depressed nanocrystal melting 
point. The relaxation periods that occurred 
during coalescence growth allow particles 
like particle 2 (see the second figure, panels D 
through F), which grow by the steady addition 
of monomer from solution, to catch up in size. 


Contrasting growth modes. A series of video frames cap- 
tured at 12.1, 24.2, and 77.0 s in the liquid-cell TEM for (A, 
B, and C) a particle growing by coalescence with a smaller 
particle and (D, E, and F) a particle growing through steady 
accretion of atoms. 
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Despite the protracted period of nucleation 
and the different growth modes, Zheng et al. 
report that nanocrystals on average reach 
approximately the same size. 

The approach developed by Zheng et al. 
should open the way to single-particle studies 
of the mechanism of oriented attachment. In 
this process, discrete nanocrystal building 
blocks fuse or polymerize after crystal faces 
contact to yield extended, single-crystalline 
nanostructures (//), but a definitive mecha- 
nism underlying this process has remained 
elusive (/2). Direct comparisons could be 
made with molecular dynamics simulations 
and ex situ characterization of materials from 
conventional syntheses (/3). 

These initial studies suggest many related 
in situ nanocrystal growth experiments, 
which could be as simple as studying the 
effect of introducing preformed monodis- 
perse seed nanocrystals into the reservoirs. 
More complex studies may be able to sepa- 


rate nucleation steps from growth processes. 
If a series of stabilizers with different chain 
lengths or head-group chemistry could 
assessed effectiveness in preventing or pro- 
moting coalescence, the results would be 
immediately useful. Integrating temperature 
control or adapting the system for continu- 
ous flow would further expand the scope of 
these experiments. 

This approach to nanoscale structural char- 
acterization is also perfectly aligned with 
advances in the development of microreactors 
for the microfluidic production of nanocrystals 
(14). Nanocrystal microreactors have been 
demonstrated with complex mixing, heating, 
and online optical monitoring, and have even 
allowed isolation of products in segmented 
plug flow (/5). The mechanistic insights 
for these studies should quickly influence 
nanocrystal synthesis, whether researchers are 
pushing tailored nanoscale materials toward 
large-scale “bulk” production or exploring 
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highly customizable point-of-use fabrication 
in lab-on-a-chip approaches. 
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Dealing with Decoherence 


Jan Fischer and Daniel Loss 


he dream of building computers that 
work according to the rules of quantum 
mechanics has strongly driven research 
over the past decade in many fields of basic and 
applied sciences, including physics, chemistry, 
and computer science. About 10 years ago, it 
was shown mathematically that the direct use 
of quantum phenomena such as interference 
and entanglement could crucially speed up data 
searching and prime factorization for encryp- 
tion. To turn quantum computers into reality, 
however, many issues in engineering and in 
basic physics need to be addressed. 

One issue of central importance is the phys- 
ical implementation of the qubit—the quan- 
tum analog of the information bit processed by 
today’s computers. Whereas conventional bits 
can be set to either of the distinct states 0 or 1, 
qubits can also be in a coherent superposition 
of these two states: both 0 and 1. In principle, 
any quantum mechanical system with two dis- 
tinct states, which can be put into such a super- 
position, could be used to encode quantum 
information. Thus, a large variety of candidate 
qubit systems have been proposed. We discuss 
one of the leading candidates, the solid-state 
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implementation of spin qubits in 
quantum dots; however, the same fun- 
damental challenges are shared by all 
candidate systems. 

The major problem in the reali- 
zation of quantum computers is the 
short decoherence time. The qubit 
interacts with its environment, and the 
unavoidable coupling between the 
two causes a decay of qubit-state 
superpositions (see the figure, inset). 
The decoherence times are typically 
in the nano- to microsecond range for 
solid-state systems. However, they 


Coherence 


Quadratic 


For quantum computers to be a reality, the 
effects of interactions of qubits with their 
environment must be minimized. 


| Decoherence 
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Time 


can easily vary over many orders of 
magnitude when the physical parame- 
ters (temperature, gate potentials, 
magnetic fields, material or isotope 
composition, confinement geometry, 
etc.) change. 

Building a quantum computer is 
therefore not simply an engineering 


problem with predictable progress. 


Losing it. A sketch of the decoherence of a spin qubit (elec- 
tron in quantum dot) caused by a million nuclear spins that 
have been prepared in a noise-reduced state with a narrowed 
distribution. An initial quadratic decay is followed by a short- 
time power law, an intermediate-time exponential, and a 
long-time power-law decay. (Inset) Decoherence is the decay 
of quantum mechanical superpositions: The state evolves 
from “T and J" to either “T” or “Las a result of interactions 
with the environment. 


Instead, it is a complex problem involving 
many unwanted interactions with the outside 
world, raising the principal question of 
whether these interactions will ever allow suf- 
ficiently long coherence on a larger scale. 
Decoherence is not of a “generic type” but 
is system-specific. Thus, the devil is in the 


details, and only understanding those details 
can reveal strategies to deal with decoher- 
ence. For instance, quantum error-correction 
schemes, which are essential for scalable quan- 
tum computation, almost exclusively assume a 
decoherence model characterized by a single- 
exponential decay time. However, we under- 
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stand now that there can be an entire “zoo of 
decoherence laws,” even in the same system— 
with a time decay that can proceed through sev- 
eral different stages (see the figure). 

The qubit in a quantum dot consists of a 
single electron whose spin states J (“down”) 
and 7 (“up”) represent the logical states 0 and 
1 (/, 2). These electrons can be initialized in 
either spin state, the state can be read out, and 
two neighboring spins can be coupled and 
decoupled. Thus, all the prerequisites for uni- 
versal quantum computation are fulfilled. An 
attractive feature of this qubit system is that it 
can be operated in an all-electrical way, thus 
allowing the use of standard microelectronic 
technologies, which are flexible, fast, and 
scalable. The desired size would be a “quan- 
tum chip” containing about 10,000 qubits. 
Currently, however, only two-qubit quantum 
dots have been implemented. 

The focus so far has been on GaAs-based 
(and also InAs-based) semiconductors, mainly 
because of the advanced nanofabrication tech- 
niques available (2). In these materials, deco- 
herence at millikelvin temperatures arises 
from nuclear spins. There are typically a mil- 
lion of them inside a quantum dot, and they all 
couple to the single electron spin via the hyper- 
fine interaction (3). This spin bath creates a 
random magnetic field, which leads to fluctua- 
tions in the electron spin precession and thus to 
decoherence. This happens fast, typically 
within tens of nanoseconds. In contrast, the 
flip of the electron spin due to lattice vibrations 
can be extremely slow, even exceeding sec- 
onds (4). For quantum computation to be 
viable, the coherence of a single qubit must be 
long enough to allow around 10,000 qubit 
operations. Although two-qubit operations to 
generate entanglement have already been 
demonstrated on a remarkably short time scale 
of about 0.2 ns (5), the decoherence time rela- 
tive to this duration is still too fast. 

Several strategies have been proposed and 
implemented to deal with this problem. One 
method to extend coherence, borrowed from 
nuclear magnetic resonance, is to apply mag- 
netic field pulses (spin-echo sequences), 
which partly reverse the electron spin dynam- 
ics, thereby prolonging its coherence, even up 
to microseconds (6). Another idea is to pre- 
pare the nuclear spin bath in some less noisy 
state with a narrowed distribution width (3). 
Such state preparations have already been 
successfully implemented (7, 8). Another 
strategy is to polarize the nuclear spins, either 
by electrical currents (9) or by cooling to 
ultralow temperatures, with the goal of freez- 
ing out the nuclear spins. It also may be possi- 
ble to induce a magnetic phase transition in 
the nuclear spin system, resulting in a strong 


suppression of the harmful fluctuations of the 
spin bath (/0). 

An alternative approach is to use a hole— 
a missing electron in the valence band. The 
spin state of holes can be surprisingly long- 
lived (//). In contrast to electrons, their hyper- 
fine interaction is weaker and, most impor- 
tant, highly anisotropic in GaAs dots, thus 
prolonging their decoherence time to tens of 
microseconds (/2). Although the decoherence 
time has not yet been measured, initializing 
and reading out single-hole spins in quantum 
dots has been demonstrated (/3). 

Although the presence of nuclear spins is a 
nuisance, they can also be used to advantage. 
Manipulating the nuclear spins allows control 
over the electron spin, and the necessary 
coupling between two qubits can even be 
mediated by nuclear spins (5). Moreover, the 
nuclear-spin system itself is suitable for infor- 
mation storage, as it is more robust against 
perturbations from the environment because 
of its weaker magnetic coupling. 

New materials may also be worth explor- 
ing. Quantum dots in carbon-based materi- 
als such as nanotubes, graphene, or dia- 
mond, or in other type IV semiconductors 
(especially silicon-germanium nanowires), 
have been investigated recently with a view 
toward spin qubits. These materials have the 
advantage of low abundances of spin-carry- 
ing nuclear isotopes, thus exhibiting weaker 
nuclear-spin interactions of the confined 
electron. For instance, natural carbon con- 


sists of 99% nuclei with zero spin. Coherent 
dynamics of single spins in diamond have 
already been reported (/4), and coherence 
times on the order of microseconds have 
been measured (/5). Finally, many propos- 
als for hybrid systems have recently been 
made, suggesting the coupling of spins to 
photons in cavities. This opens up the possi- 
bility of storing the quantum information in 
one qubit type and processing the informa- 
tion in another one. 

There is still a long way to go before a 
practical quantum computer will be reality. 
Nevertheless, the steady progress over the past 
decade is encouraging, and many workers in 
the field are cautiously optimistic that the goal 
can be reached. 
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BIOCHEMISTRY 


Force Signaling in Biology 


J. Christof M. Gebhardt! and Matthias Rief'2 


Single-molecule studies are revealing the biomolecular processes initiated when biological 


systems sense mechanical forces. 


any processes in our body, like 
muscle contraction, cell locomo- 
tion and division, or transport pro- 


cesses, need force-producing actuators such 
as molecular motors. In turn, biological sys- 
tems can also sense mechanical forces. Ex- 
amples are the sense of touch, hearing, and 
the strengthening of muscle tissues upon 
physical exercise. In these cases, force trig- 
gers a biochemical signal cascade, but the 
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mechanisms by which forces affect biomole- 
cular conformation and biochemical signal- 
ing have long remained elusive. The develop- 
ment of ultrasensitive instruments for nano- 
manipulation—such as atomic force micro- 
scopy and optical and magnetic tweezers— 
has allowed the effect of forces on protein 
conformation and function to be probed at the 
single-molecule level (/—4). 

On page 1330 of this issue, Zhang et al. 
use optical tweezers to clarify the role that 
mechanical forces play in the regulation of 
primary hemostasis in blood clotting (5). A 
key player in this process is von Willebrand 
factor (VWF), a large protein complex in 
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which hundreds of large protein monomers 
are linked together to form a long chain (see 
the figure) (6). Under conditions of normal 
blood flow, VWF chains are in a collapsed 
state that cannot induce blood clotting. High 
shear forces at injury sites elongate VWF 
chains, resulting in the exposure of platelet- 
binding motifs that aggregate platelets and 
stop bleeding in small blood vessels (7). 

VWF is initially secreted in a highly active 
ultralong form (ULVWF). Because hydrody- 
namic forces act along the whole contour of a 
molecule, the long ULVWF chains are more 
easily stretched in shear flow. However, this 
increases the risk of causing thrombosis 
through premature aggregation of platelets. 
The body must therefore counteract and regu- 
late uncontrolled activation of ULVWE. This 
regulation is also mediated by shear flow 
forces. If stretched, ULVWF can be cleaved 
at its domain A2 by the metalloprotease 
ADAMTS13 (8). Tsai has speculated that 
domain A2 in the VWF monomer unfolds 
upon shear force—induced stretching of 
ULVWE exposing an otherwise buried cleav- 
age site for ADAMTS13 (9). ADAMTS13 
can then cleave ULVWF. 

Zhang et al. now provide direct evidence 
for force-induced unfolding and cleavage 
of A2. Using optical tweezers, they direct- 
ly tested the activation mechanism of 
ADAMTS13-mediated cleavage of A2 on the 
single-molecule level. They found that an 


individual A2 domain unfolds at forces of ~11 
pN when stretched mechanically. When 
relaxed to lower forces, A2 remains unfolded 
for about 2 s before it refolds. In their assay, 
cleavage of A2 by ADAMTS13 occurs only in 
the unfolded configuration; A2 is not cleaved 
if the applied force remains below the unfold- 
ing threshold. Mechanical force thus acts as a 
cofactor for ADAMTS13. 

At first sight, the rather broad force distri- 
bution observed for the unfolding of A2 in the 
single-molecule assay seems to contradict the 
well-defined upper length limit observed for 
VWE chains in vivo. Obviously, a mechanism 
must exist that creates a sharp cutoff such that 
long ULVWF polymers get cleaved but 
shorter VWF polymers escape cleavage. 
Zhang et al. provide an explanation for this 
sharp cutoff: The force in the center of a VWF 
polymer depends on the square of its length. 
This quadratic dependence separates longer 
polymers from shorter ones. Using the 11 pN 
unfolding force, Zhang et al. calculate an 
upper length limit for VWF of 200 monomers 
at physiological shear rates. This number 
agrees well with the upper length limit of 
VWF chains observed in vivo. 

Exposition of buried binding sites under 
the influence of mechanical load may be a gen- 
eral working principle of biological mech- 
anosensors. Recently, Puchner et al. discov- 
ered a force-induced activation mechanism of 
the strain sensing kinase of the giant muscle 
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Mechanism of ULVWF cleavage. 
The blood protein VWF is secreted 
as an ultralong chain (ULVWF) con- 
taining several hundreds of VWF 
monomers. Because of its large 
size, ULVWF experiences higher 
shear forces than shorter VWF poly- 
mers. These higher shear forces not 
only stretch ULVWF, but—as shown 
by Zhang et al. (5)—they also 
unfold domain A2 in the VWF 
monomers. Unfolding exposes a 
cleavage site for ADAMTS13, which 
in turn cuts ULVWF to smaller 
sa pieces. The smaller VWF pieces can 
be stretched (activated) under 
shear flow conditions found at 
injury sites, but do not cause 
thrombosis through premature 
stretching under normal blood flow 
conditions. Mechanical shear forces 
hence regulate both activation and 
degradation of VWF chains. 


a 


protein titin (2). Using single-molecule force 
spectroscopy and molecular dynamics simula- 
tions, they found that mechanical force unfolds 
the C-terminal autoinhibitory tail of titin 
kinase, thus activating the enzyme. After force 
activation, adenosine triphosphate (ATP) can 
bind to the enzyme, phosphorylation can pro- 
ceed, and force adaptation processes in muscle 
can be effected. Unfolding under mechanical 
shear stress also seems likely for many 
cytoskeletal proteins (/0). Ina recent study, del 
Rio et al. identified talin as a mechanosensor 
for the reorganization of the actin cytoskeleton 
(4). Talin couples the cytoskeleton to the extra- 
cellular matrix and contains several encrypted 
binding sites for vinculin. Signaling is acti- 
vated upon vinculin binding. However, the 
binding sites are only exposed after talin is 
stretched mechanically and has partially 
unfolded. Hence, this molecule can also sense 
forces through mechanical unfolding. 

Our understanding of forces as signals in 
living systems is still far from complete, and 
a picture of the primary molecular mecha- 
nisms for mechanosensing and mechanosig- 
naling is just emerging. Even nonmechani- 
cal processes like cell differentiation can 
strongly depend on mechanical signals (//). 
How these mechanical signals are further 
processed and how they affect responses on 
the supramolecular, cellular, and even multi- 
cellular level remain important questions for 
the future. 
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ANTHROPOLOGY 


On Becoming Modern 


Ruth Mace 


Human social evolution is determined by demography. 


nlike other animals, humans cooperate 
| | with nonrelatives in coordinated act- 
ions, decorate their bodies, build com- 
plex artefacts (useful or otherwise), talk, and 
divide themselves into linguistic groups. To 
understand the evolutionary basis of such 
behaviors, anthropologists must consider not 
only issues connected to social evolution in ani- 
mals, but also the implications of the possible 
coevolution of genes and culture. Two articles 
in this issue examine aspects of human social 
evolution: On page 1293, Bowles (/) investi- 
gates the origins of altruism toward one’s own 
social group, while on page 1298, Powell et al. 
(2) study the emergence of cultural complexity. 
Based on empirical evidence and modeling, 
both studies suggest that the demographic 
structure of our ancestral populations deter- 
mined how social evolution proceeded. 

If, like me, you were brought up on The 
Selfish Gene (3), you learned that selection acts 
on individuals or genes, and you are trained to 
be wary of group selectionist explanations for 
behavior. Group selection is generally rejected 
as unimportant because even a tiny amount of 
migration between groups quickly destroys the 
genetic differences needed for group selection 
to act. But recent literature on social evolution 
has reopened the debate, arguing that in some 
circumstances group selection might be impor- 
tant, especially in a cultural species like hu- 
mans. Genetic and cultural traits are both heri- 
table and subject to evolutionary processes, 
but cultural traits are not transmitted in a 
Mendelian way; they can be inherited from 
almost anyone, including people who may not 
share your genetic interests. This could lead to 
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evolutionary outcomes not 
seen in other animals (4). 

Perhaps the central differ- 
ence between genetic and cul- 
tural transmission is that we 
can change our cultural phe- 
notype during our lives—for 
example, to conform to group 
norms. Cultural differences 
between groups might be 
easier to maintain than are ge- 
netic ones, due to processes 
such as conformist social learn- 
ing and punishment; several 
models show that if these pro- 
cesses occur, cultural group 
selection could explain the 
evolution of prosocial or altru- 
istic behavior (5). 

Bowles now makes a more 
radical claim: that the demo- 
graphic structure of hunter- 
gatherer populations allowed 
group-selected genetic traits 
to evolve in humans. He ar- 
gues that lethal warfare was endemic and 
that altruistic, group-beneficial behaviors 
that hurt the survival chances of individuals 
but improved the likelihood for groups to 
win conflicts could emerge by group selec- 
tion. This argument was originally espoused 
by Darwin, but few formal tests of it have 
been done. 

In his model, Bowles identifies two key 
determinants of whether group selection can 
favor altruistic behavior: the individual and 
group costs and benefits of altruism in warfare, 
and the extent of genetic differentiation among 
groups. An array of ethnographic and archaeo- 
logical evidence shows that hunter-gatherers 
certainly did kill each other. How much of this 


ago). 


Technological and cul- 
tural complexity. So- 
phisticated tools such as 
these harpoons began 
to emerge in the upper 
Paleolithic (between ca 
40,000 and 10,000 years 


killing was within or between groups is tricky 
to ascertain (especially from archaeological 
data) and varies among sites, but on average, 
14% of adult deaths appear to have been due 
to warfare. The extent of prehistoric genetic 
differentiation is also difficult to estimate, but 
based on genetic studies of extant hunter- 
gatherers, the model shows that a realistic 
level of inbreeding within groups allows 
group benefits to offset fitness costs of 
roughly 3% associated with being an “altruis- 
tic warrior” relative to nonaltruists. Ironically, 
lethal hostility toward other groups could 
thus underpin cooperation and support 
within human communities. 

The model does not account for 
sex differences, which might matter, 
because females did not fight in wars, 
were likely to join and reproduce with 
the victorious group after conflict 
[they may well have been the objective 
of the conflict in the first place (6)], 
and were more likely, even in peace- 
time, to migrate out of their natal 
group to breed. The inheritance of the 
altruistic traits is assumed to be verti- 
cal and asexual, so the model could 
work for a cultural trait (possibly even 
better than for a genetic one). It is also 
possible that the measures of inbreed- 
ing observed are maintained by cul- 
tural processes, such as language dif- 
ferences between groups. Nonethe- 
less, Bowles suggests that the model 
could theoretically apply to other soc- 
ial animals. Zoologists, whose limited 
tolerance of group selection rarely 
extends beyond the human species, 
will find this statement controversial; 
but it is certainly not without the 
bounds of scientific possibility to test. 

Powell et al. address the evolu- 
tion of technological and cultural 
complexity—human behaviors that 
have left clear traces in the archaeo- 

logical record. Traits such as the creation of 
abstract art, improvements in stone and 
other tools, long-distance “trading,” and the 
manufacture of musical instruments mark 
the emergence of modern humans who 
behaved much as we do (see the figure). 
These material expressions of the modern 
condition emerged much later than did 
anatomically modern humans. Some as- 
pects of behavioral modernity first ap- 
peared in southern Africa, possibly as early 
as 90,000 years ago, only to disappear again 
and reappear in Eurasia ~45,000 years ago. 
The timing of these events makes a biologi- 
cal change in cognitive capacity a some- 
what unlikely explanation. 
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Powell et al. now argue that changes in 
population size and structure can explain the 
patterns of acquisition (and loss) of culturally 
inherited skills. The authors build on a model 
by Henrich (7), who showed that small popu- 
lations were more likely to lose complex 
skills. Powell et al. examine a more realisti- 
cally structured population, in which individ- 
uals live in groups (subpopulations) and 
inherit (learn) skills from others in the group 
or by contact due to migration between 
groups. The results show that the time since 
first occupation ofa region is a far less reliable 
predictor of the accumulation of cultural skills 
than is the density of subpopulations and the 
degree of migration between them. 

The authors then use coalescent models (a 
statistical approach assuming neutral traits 
which are subject to drift) of genetic variation 
in mitochondrial DNA to estimate prehistoric 
population densities at various sites. The 
resulting population density estimates are 
compatible with those necessary to prompt 
the onset of behavioral modernity at the 
appropriate time in sub-Saharan Africa, and 
then later in the Middle East. The genetic evi- 
dence cannot really help to explain the subse- 
quent disappearance of these traits in sub- 
Saharan Africa, but there is some archaeolog- 


ical evidence (8) that depopulation may have 
occurred at the relevant time (around 70,000 
to 60,000 years ago). 

The model of Powell et al. only includes 
selection on cultural traits, not on individuals 
or populations. In the model, skills are 
assumed to be transmitted because they are 
beneficial. It is therefore possible that the 
advantages of cultural skill acquisition caused 
population density to increase, rather than 
emerged as a response to it. This is an area for 
further modeling. And, of course, Powell et al. 
argue that the cognitive ability to learn these 
skills was already present in all. Researchers 
seeking genes involved in cognitive ability 
would thus be unwise to base their evidence 
on correlating geographic patterns of candi- 
date genes with geographic patterns of the 
emergence of culturally acquired skills—at 
least not without paying careful attention to 
demographic differences. 

The two models (/, 2) paint rather differ- 
ent pictures of Pleistocene life. Were early 
modern humans in frequent contact with 
neighboring groups to exchange cultural 
innovations, or were they inward looking, 
unwilling to travel, and constantly engaging 
their neighbors in lethal conflict? Probably 
both, at different times and in different places 
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(although it may be possible to steal some- 
one’s cultural innovations and kill them too). 
Neither study claims that its model provides 
the unequivocal explanation. Indeed, there 
are many alternative explanations both for 
altruistic behavior in human groups and for 
the emergence of cultural modernity. Some 
alternative explanations may be more due to 
semantics than real differences in evolution- 
ary processes (9), and some may work in 
addition to the processes proposed here. But 
by combining models with data, both studies 
put their hypotheses firmly up the list of pos- 
sibilities to be taken seriously. 
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CELL BIOLOGY 


Hypoxic Hookup 


Leonard Guarente 


ypoxia-inducible factors HIF-1a and 
Hite are homologous transcription 

factors that activate an adaptive re- 
sponse in mammalian cells to low concentra- 
tions of environmental oxygen (/, 2). HIF- 
activated genes protect against damaging 
reactive oxygen molecules generated by mito- 
chondria in response to hypoxia, and also 
stimulate erythrocyte proliferation and blood 
vessel formation to enhance organism sur- 
vival. Under normal oxygen conditions, HIF- 
la and HIF-20 are hydroxylated on key pro- 
lines, which promotes their degradation. 
However, under hypoxic conditions, the HIF 
proteins are stabilized and accumulate in 
cells. On page 1289 of this issue, Dioum ef al. 
show that during hypoxia, HIF-20 is deacetyl- 
ated and thereby activated by SIRT 1, a nicotin- 
amide adenine dinucleotide (NAD)—depend- 
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ent deacetylase (3). This finding extends the 
reach of SIRT1 as a cell and tissue mainte- 
nance and anti-aging factor to include resist- 
ance to hypoxic stress. SIRT1 has already 
been shown to protect against metabolic, 
genotoxic, and heat stress by deacetylating 
other key transcription factors that respond to 
those stressors (4—8) (see the figure). 

Dioum et a/. show that in cultured mam- 
malian cells, SIRT1 bound to and deacetylated 
HIF-2 and activated the HIF-2o target genes 
Sod2 (superoxide dismutase 2), VegfA (vascular 
endothelial growth factor A), and Epo (erythro- 
poietin). A catalytically inactive form of SIRT1 
was unable to alter HIF-20 activity, indicating 
the importance of HIF-20 deacetylation in the 
activation mechanism. Mutating three lysines 
of HIF-20, which are acetylated, did not com- 
pletely abolish activation by SIRT1. This indi- 
cates that other, unidentified lysines are impor- 
tant for HIF-2o regulation. It is not yet clear 
whether additional deacetylases (histone de- 
acetylases or SIRTs 2 to 7) also play important 


The range of protective effects that a sirtuin 
deacetylase affords to cells and organisms 
under stressful conditions continues to grow. 


roles in HIF-20 activation. However, depletion 
of SIRT1 alone increased the amount of acety- 
lated HIF-2a during hypoxia, suggesting that 
SIRT] is the primary HIF-2a deacetylase. 

The relationship between SIRT1 and HIF- 
2a was also shown in biological settings. The 
liver is the chief source of erythropoietin produ- 
ction during mid-gestation in mice. Embryos 
lacking either Sirtl or HIF-20 showed a defect 
in erythropoietin expression in the liver during 
this gestational period. Tail vein injection 
of adenoviral expression vectors containing 
Sirtl-encoding DNA along with vectors 
encoding either HIF protein demonstrated the 
potential of Sirtl to activate HIF-2c, but not 
HIF-1q, in the adult liver. And a viral vector 
that triggered RNA interference of endogenous 
Sirtl reduced expression of the liver Epo gene. 

Because HIF-20 is only stable under hy- 
poxic conditions in the studies described, 
Dioum et al. do not address whether SIRT1 
itself is activated by hypoxia. This issue is 
extremely relevant to possible roles for sirtuin 
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proteins in episodes of ischemia, during which 
vital organs such as the heart and brain are 
deprived of oxygen. At first glance, it might 
appear that the cellular redox environment 
would be more reducing during oxygen 
scarcity, thereby reducing NAD (a substrate of 
SIRT1) to the inactive NADH form, and 
decreasing sirtuin activity. However, SIRT1 is 
highly protective in mouse models of ischemia 
(9), which suggests that its activity under 
hypoxic conditions is actually high. One pos- 
sible explanation for this paradox is that 
the increased production of reactive oxygen 
species by mitochondria under hypoxic condi- 
tions actually drives the redox state of the 
nucleus and cytoplasm toward oxidizing condi- 
tions, thereby increasing available NAD and 
sirtuin activity (see the figure). 

Why does SIRT 1 affect HIF-20—which is 
present only in vertebrates—but not HIF-10? 
The biology of the SIRT 1—HIF-2« interaction 
is likely to be specific to higher organisms. 
One biochemical distinction between HIF-1a 
and HIF-2 that is observed in cell culture is 
that the latter is activated by a moderate reduc- 
tion in oxygen availability, whereas the former 
requires a more severe reduction (2). Perhaps 
SIRT1 has evolved in vertebrates to function 
during a spectrum of hypoxic conditions, such 
as facilitating cell division and tissue model- 
ing in response to physiological hypoxia (dur- 
ing normal development) and tissue repair 
and remodeling in response to pathological 
hypoxia (in adults). 

Solid tumors can survive hypoxic condi- 
tions (the high cell density ofa tumor limits the 
availability of oxygen to cells) by using protec- 
tive mechanisms of healthy cells, including the 
activation of HIF-1 and HIF-2«. In this set- 
ting, HIF-dependent expression of the growth- 
promoting factor VEGF and other target genes 
can promote tumor growth by facilitating 
angiogenesis and other tumorigenic processes. 
Hence, HIF inhibitors are currently under 
development as anticancer drugs. Does this 
mean that SIRT1 inhibitors will also possess 
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HIF-20 hijacks SIRT1. (A) SIRT1 responds to different stressors. PGC-10, peroxisome 
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haps, but SIRT1 evolved to 
promote organism survival 
in response to stress. Thus, 
this sirtuin may have elabo- 
rated additional tumor sup- 
pressor mechanisms to off- 
set any tumorigenic effects 
due to HIF-20 activation. 
Of note, one of the transcriptional programs 
activated by HIF-2@ (but not HIF-10) under 
hypoxia is driven by the proto-oncogene c-myc 
(10). However, c-myc is also deacetylated 
(thus destabilized) by SIRT1 (7), potentially 
countering any c-myc activation by SIRT1—HIF- 
2a. It is reasonable to infer that the integrated 
effects of SIRT ina solid tumor are not tumor- 
igenic and might even restrain tumor growth. 
The myriad of SIRT1 protective effects 
raises the question of why evolution has not 
maximized SIRT1 activity. By coupling 
SIRT1 activity to NAD and metabolism, an 
organism can up- or down-regulate its activ- 
ity in accord with prevailing conditions to 
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proliferator—activated receptor y coactivator 10; HSF, heat-shock factor. (B) During 
hypoxia, HIF-2@ protein is stabilized and then deacetylated by SIRT1 to increase its 
potential to activate target genes. SIRT1 may itself be activated by hypoxia via an 
increase in NAD rendered by reactive oxygen species produced by mitochondria, 
although this has not yet been demonstrated. 


set its near-term strategy for either mainte- 
nance (during stressful conditions) or repro- 
duction (during favorable conditions). 
Given that dietary and other environmental 
stressors have waned in the developed world, 
aging itself arguably poses the greatest stres- 
sor we must face. The challenge then is to 
boost the protective effects of sirtuins phar- 
macologically to counter the stress of nor- 
mal aging and to mitigate aging-dependent 
diseases and disability. 
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IMMUNOLOGY 


Amino Acid Addiction 


J. Magarian Blander' and Derk Amsen2 


Signaling pathways that control cellular responses to stress may also specify T cell differentiation. 


rguably the most exciting cell in the 
Aims system these days is the T 

helper 17 (T,,17) cell. Much of the 
interest stems from its prominent role in 
autoimmune-related pathologies, such as mul- 
tiple sclerosis, inflammatory bowel disease, 
and psoriasis (/). On page 1334 of this issue, 
Sundrud ef al. report that a small molecule 
called halofuginone specifically inhibits the 
generation of T,,17 cells, without affecting 
other CD4' T cell types (2). The mechanism 
involved has potentially important implications 
for understanding how the immune system pre- 
vents untoward generation of harmful T,,17 
cell responses. 
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Several lineages of CD4* T helper cells are 
generated by the mammalian immune system. 
T,,1 and T,,2 cells produce cytokines that acti- 
vate immune responses against intracellular 
bacteria and helminth parasites, respectively. 
Regulatory T helper cells (Tig) prevent other T 
cells from assaulting the body itself. T,,17 cells 
obviously did not evolve to cause autoimmu- 
nity, but mediate immune responses to certain 
bacteria and fungi by producing the proinflam- 
matory cytokine interleukin-17 (IL-17) (/, 3). 
T,,1,T,,2, andT,,17 cells arise from a common 
precursor cell type, directed by signals that 
inform about the nature of the infectious threat 
encountered. For T,,17 cells, differentiation is 
instructed by the cytokines transforming 
growth factor-B (TGF-B) and IL-6 (/). 

Given the prominent involvement of T,,17 
cells in autoimmunity, there is great interest in 
identifying drugs that inhibit these cells, ide- 
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Stress and differentiation. Despite sharing a common signaling pathway 
that halts protein expression and induces protective genes, various stress con- 


ally without interfering with the function of 
the other T helper cell lineages. Halofuginone 
is an analog of the active compound found in 
Dichroa febrifuga, a plant used in traditional 
Chinese medicine to reduce malarial fever (4). 
In Western medicine, halofuginone has been 
used to treat fibrotic diseases such as sclero- 
derma. Halofuginone inhibits collagen depo- 
sition, presumably by interfering with TGF- 
B-stimulated production of collagen by 
fibroblasts (4). 

Sundrud ef al. now report that halofugi- 
none inhibits the development of both mouse 
and human T,,17 cells at concentrations that 
do not prevent general T cell activation or 
development of T,,1, T,,2, or Tes cells. 
Systemic administration of halofuginone was 
also protective against autoimmunity in a 
mouse model for multiple sclerosis. In this 
model, disease can be manipulated experi- 
mentally to be driven by either T,,1 or T,,17 
cells (5, 6). Halofuginone only inhibited the 
disease promoted by T,,17 cells. 

Whether halofuginone will be a therapeu- 
tic agent against autoimmune diseases re- 
mains to be determined. One caveat is that 
halofuginone inhibits differentiation, but not 
the effector function of already developed 
T,,17 cells. This might limit its potential, con- 
sidering that clinical manifestations of 
autoimmune disorders usually occur after 
the autoaggressive T cells have developed. 
Furthermore, T),17 cells produce cytokines 
(IL-10 and IL-22) that function in immune 
tolerance and tissue repair (/). Total blockade 
of T,,17 cell differentiation may thus cause 
undesired side effects. 

Nonetheless, the findings by Sundrud 
et al. reveal an intriguing concept in T helper 
cell differentiation. Inhibition of T,,17 cell 
differentiation by halofuginone appears 
unrelated to its effect on signaling by the 
TGF-B receptor. Treatment of cultured T 


cells with halofuginone increased the ex- 
pression of genes associated with the amino 
acid starvation response (see the figure). 
Mammalian cells are unable to synthesize 
several essential amino acids and must 
acquire them from the extracellular milieu. 
When amino acids are limiting, a protective 
starvation response program is initiated in 
which translation of most RNAs into pro- 
teins is blocked and the expression of a 
selective set of protective genes is induced 
(7-9). This response involves activation of 
an enzyme called general control nondere- 
pressible-2 (GCN2) kinase. GCN2 then 
phosphorylates and thereby inactivates the 
eukaryotic translation initiation factor 20 
(eIF2a). Consequently, translation of most 
RNAs is turned off. However, these condi- 
tions favor translation of RNA encoding the 
activating transcription factor 4 (ATF4), 
which induces expression of specific protec- 
tive genes (7-9). Treatment of CD4* T cells 
with halofuginone resulted in phosphoryla- 
tion of GCN2 and eIF2@ as well as expres- 
sion of ATF4 and its target genes. Inhibition 
of T,,17 cell differentiation by halofuginone 
could be overcome by treating cells with 
excess amino acids. Similarly, low availabil- 
ity of essential amino acids prevented differ- 
entiation of T,,17 cells, but not of T,,1 or 
T,,2 cells. This “addiction” of T,,17 cells to 
amino acids is reminiscent of earlier find- 
ings that certain aromatic amino acids are 
critical for synthesizing ligands for the aryl 
hydrocarbon receptor, a transcription factor 
required for generating IL-22—producing 
T,,17 cells (10). 

What makes T,,17 cell differentiation 
uniquely sensitive to the starvation response, 
and how does this protective response prevent 
T,,17 cell differentiation? Activation of the 
eIF2a-ATF4 pathway may not be solely 
responsible because the drug tunicamycin, 
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ditions also mobilize separate pathways that differentially target T cell devel- 
opment. PERK, pancreatic endoplasmic reticulum elF2o kinase. 


which induces stress in the endoplasmic retic- 
ulum (ER), also activates the eIF2~-ATF4 
pathway (//), but does not inhibit T,,17 cell 
differentiation. Surprisingly, tunicamycin 
inhibits differentiation of T,,1 and T,,2 cells, 
instead. This suggests that sensors unique to 
each stress response pathway may differen- 
tially control individual T helper cell lineages. 
Perhaps the most intriguing question is 
whether there is any evolutionary advantage 
afforded by the sensitivity of T,,17 cell dif- 
ferentiation to the amino acid starvation 
response. Could it have evolved to prevent 
untoward generation of these potentially dan- 
gerous cells? Indeed, the availability of certain 
amino acids in the tissue microenvironment 
can be diminished by various immunosup- 
pressive enzymes (/2). TGF-B, a major sup- 
pressive cytokine for other T helper cell line- 
ages, promotes rather than inhibits differenti- 
ation of T,,17 cells (/), leaving a hole in the 
protective armament against rogue T),17 
responses. The existence of an alternative 
mechanism to hold T,,17 cells in check, 
through particular dependence on amino 
acids, is therefore an attractive idea. 
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Disulfide Formation in the ER and 
Mitochondria: Two Solutions to a 


Common Process 


Jan Riemer,’ Neil Bulleid,? Johannes M. Herrmann** 


The endoplasmic reticulum (ER) was long considered to be the only compartment of the eukaryotic 
cell in which protein folding is accompanied by enzyme-catalyzed disulfide bond formation. 
However, it has recently become evident that cells harbor a second oxidizing compartment, the 
mitochondrial intermembrane space, where disulfide formation facilitates protein translocation 
from the cytosol. Moreover, protein oxidation has been implicated in many mitochondria- 
associated processes central for human health such as apoptosis, aging, and regulation of the 
respiratory chain. Whereas the machineries of ER and mitochondria both form disulfides between 
cysteine residues, they do not share evolutionary origins and exhibit distinct mechanistic 
properties. Here, we summarize the current knowledge of these oxidation systems and discuss their 


functional similarities and differences. 


cell involves at least two steps: the syn- 

thesis of nascent polypeptides on cytosolic 
ribosomes, followed by the folding of these 
polypeptides into their functional conformation. 
Both processes can occur simultaneously, and 
ribosomes specifically recruit a variety of dedi- 
cated chaperone systems to their polypeptide exit 
tunnels to facilitate efficient folding of nascent 
chains. In the case of oxidative protein folding, 
synthesis and folding generally occur in tempo- 
rally and spatially distinct reactions (Fig. 1A). 
Protein synthesis occurs in the cytosol where a 
very high concentration (10 to 14 mM) of re- 
duced glutathione together with numerous reduc- 
ing enzymes counteracts the formation of disulfide 
bonds (/). Thus, oxidative folding normally takes 
place only after translocation to a different com- 
partment in which disulfide formation is favored. 
This spatial separation of synthesis and folding 
contributes to compartmentalization of the cell, 
ensuring that newly synthesized proteins become 
active only after successful delivery to their 
correct destination. Moreover, disulfide bonds 
provide increased stability, which is especially 
important for secreted and cell-surface proteins 
because they are not under the surveillance of the 
cellular chaperone machinery. In addition, redox 
regulation by the reversible formation of disul- 
fide bonds can be used to adapt protein activity 
directly to the redox conditions in a given envi- 
ronment. In most cases, disulfide formation is an 
enzymatically catalyzed process that occurs in 
the periplasm of prokaryotes and in the ER and 
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mitochondrial intermembrane space (IMS) of 
eukaryotes (Fig. 1B). We will focus specifically 
on the two eukaryotic oxidation machineries 
and compare their structural and mechanistic 
properties. 


Common Principles of Disulfide Bond Formation 
The formation of disulfides in substrate proteins 
is a reversible reaction in which the thiol groups 
of two cysteine residues are oxidized to form a 


covalently linked disulfide. This can be achieved 
by thiol-disulfide exchange in which a disulfide 
bond present in an electron acceptor is reduced. 
Alternatively, the transfer of electrons to molecular 
oxygen leads to de novo disulfide bond forma- 
tion (Fig. 1C). Despite the thermodynamically 
favorable nature of the oxygen-dependent protein 
oxidation, this reaction typically requires catalysts 
such as transition metals or the redox cofactor 
flavin adenine dinucleotide (FAD) to overcome 
the kinetic barrier caused by the incompatibility 
of one- and two-electron transfer processes. 


The Mitochondrial Disulfide Relay 


Recently, it was discovered that proteins with 
structural disulfides are commonly present in the 
IMS of mitochondria (2). Since then, the critical 
players in mitochondrial protein oxidation have 
been identified and their functions characterized 
(2-7). The mitochondrial disulfide relay system 
(Fig. 2A) facilitates disulfide bond formation in 
substrate proteins and plays a crucial role in the 
transport of newly synthesized IMS proteins 
across the outer mitochondrial membrane. Two 
proteins are of central importance for this pro- 
cess: Mia40 and Erv1. Mia40 is a conserved IMS 
protein, which is soluble in mammals and plants 
and membrane-anchored in fungi (5, 7). Mia40 
contains an essential redox-active disulfide bond 
in a cysteine-proline-cysteine signature that oxidizes 
cysteine residues of incoming polypeptide chains 
(8). The Mia40-dependent oxidation of incoming 
proteins locks them in a stably folded state in which 


Fig. 1. Protein synthesis and 
oxidation occur in distinct cel- 
lular compartments. (A) In vivo, 
the sites of disulfide bond for- 
mation and protein synthesis are 
separated by a membrane. (B) 
Proteins are maintained in a re- 
duced state in compartments in 
which protein synthesis takes 


L Synthesis Folding J place. These locations are sepa- 
rated by membranes from com- 
B Bacteria Eukaryotes partments harboring machineries 
for protein oxidation such as the 
Periplasm bacterial periplasm, the ER, or the 
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IMS of mitochondria. This spatial 
separation of protein synthesis and 
oxidation contributes decisively 
to the compartmental identity 
of cells. (C) Protein oxidation gen- 
erally follows the same principles. 
First, proteins are oxidized by 
oxidoreductases that merely shuttle 
disulfide bonds that are initially 
generated by sulfhydryl oxidases. 
The oxidizing power for the entire 
process is provided by oxygen. 
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mitochondrial machinery. In eu- 


membrane, thereby leading to a A Stains etd att karyotic cells, thousands of dif- 
directed transport of Mia40 sub- SH generation ferent proteins are transported 
strates into the mitochondrial IMS —-HS + 4H* into the ER and along the se- 
(9). Mia40 is reoxidized by Erv1, HS i cretory pathway (2/). These pro- 
which belongs to a family of ci une : teins adopt different folds and 
FAD-containing sulfhydryl oxi- Substrate aise 4xte- can form complex oligomers of- 
dases (2). Members of this family s-S Mia40 Y Ass ten linked by intra- and inter- 
are present in the secretory path- S-S Erv1 a O, +4H* molecular disulfides. In contrast, 
way (Erv2, quiescin-sulfhydryl FAD Cytc ( the mitochondrial IMS contains a 
oxidase) or expressed by certain Heme cox 2H,0 rather small number of proteins. 


viruses (e.g., E1OR) (0). Ervl 
contains two essential redox- 
active cysteine-x-x-cysteine pairs 
(where x indicates any amino 
acid), which shuttle electrons 
from Mia40 to FAD. In vitro, 


B 
; ie SH (sy) + 4H* 
Ervl can be directly reoxidized HS 
by oxygen in a reaction that yields 


HS 
cu 2x20" ; A 
Substrate 2x2¢e 20,+4H by three or nine amino acid resi- 
PDIs X 


hydrogen peroxide (HO). How- 
ever, in vivo Erv1 is oxidized by 
cytochrome c, which in tum passes 
its electrons via cytochrome c 
oxidase to molecular oxygen to 
produce water (//, /2). The con- 
nection to the respiratory chain 
increases the efficiency by which 
Erv1 is reoxidized, and also pre- 
vents the generation of H,O> in 
the IMS. The small metal-binding 
protein Hot1l3 is an additional 
factor of the mitochondrial oxi- 
dation machinery. It improves the 
electron transfer between Mia40 
and Erv1 by maintaining Mia40 
in a zinc-free state that can be ef- 
ficiently oxidized by Erv1 (3). 


ER 


The Oxidation Machinery 
of the ER 


Disulfide bond formation in the ER typically oc- 
curs concomitantly with protein translocation, 
albeit without any functional coupling of both 
processes. In a first thiol-disulfide exchange reac- 
tion, electrons are shuttled from reduced substrate 
proteins to oxidized members of the protein 
disulfide isomerase family (PDIs; Fig. 2B). This 
results in the reduction of conserved cysteine-x-x- 
cysteine motifs in these PDIs. Subsequently, the 
PDIs are reoxidized by the flavoenzyme Erol, 
which transfers electrons via FAD onto oxygen 
(13-15). To allow proteins to fold to their native 
states, disulfides sometimes have to be reshuffled 
by isomerization or repeatedly broken and re- 
formed by cycles of reduction and oxidation. 
Both reactions are efficiently catalyzed by mem- 
bers of the PDI family. Reduced glutathione, 
which is transported from the cytosol to the ER 
lumen by an unknown mechanism, serves as re- 
ductant in this PDI-mediated folding reaction 
(6). The ER contains several PDIs, which differ 
considerably in size, redox potential, and substrate 
spectrum. Structurally, PDIs are characterized by 
one or several a- or b-type thioredoxin-like 
domains. Thioredoxin folds of the a-type are 
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Fig. 2. The disulfide relay machineries of the IMS and the ER. (A) After their synthesis 
in the cytosol, IMS proteins are translocated across the outer membrane of 
mitochondria in an unfolded, reduced conformation. Oxidized Mia40 interacts with 
these proteins and facilitates their stable folding by the introduction of disulfide 
bonds. A cascade of redox-active proteins transfers electrons from Mia40 to 
cytochrome c oxidase, which converts oxygen to water. The flavoprotein Erv1 
mediates the switch from two-electron to one-electron transfer. (B) Already during 
their translocation into the ER lumen, proteins are oxidized by PDIs. The PDls are 
maintained in an oxidized state by the flavoprotein Ero1, which transfers electrons 
directly onto oxygen, thereby generating H20>. Thus, protein oxidation in the ER and 
in mitochondria relies on distinct components, but the biochemical principles of the 
transfer cascades are similar. 


redox-active and comprise cysteine-x-x-cysteine 
motifs. The two residues that separate the cys- 
teines substantially modulate the redox potential 
and, hence, influence the physiological function of 
the particular PDI protein (/7, 18). Noncatalytic b- 
type thioredoxin-like domains lack redox-active 
cysteine residues and presumably participate in 
peptide-binding and/or chaperone-like activities 
(79). Whereas PDIs shuffle disulfide bonds, Ero1 
generates disulfide bonds de novo by the transfer 
of electrons from protein substrates to its FAD 
cofactor. This is achieved by a stepwise intra- 
cellular transfer reaction: a redox-active cysteine- 
x4-cysteine motif in a flexible loop in Erol 
receives electrons from PDIs and passes them on 
to a redox-active cysteine-x-x-cysteine pair in the 
catalytic core of the protein, which consists of a 
four-helix bundle structure surrounding the FAD 
cofactor (20). Finally, electrons are shuttled via the 
redox-active isoalloxazine moiety of FAD to mo- 
lecular oxygen, giving rise to the production of 
H,0, (/5, 20). 


Mechanistic Differences in the 
Eukaryotic Oxidation Machineries 


A much greater diversity of substrates are 
oxidized by the ER machinery than by the 


Electron 
sink 


Moreover, most substrates of the 
mitochondrial disulfide relay sys- 
tem are of low molecular mass 
(7 to 15 kD) and show one type 
of fold: helix-turn-helix confor- 
mations in which the helices are 
connected by two parallel disul- 
fide bonds. Depending on wheth- 
er the cysteine pairs are separated 


dues, these specific arrangements 
are named “twin Cx3C” or “twin 
Cx C” motifs. Proteins with twin 
Cx3C motifs constitute the group 
of small Tim proteins, which rep- 
resent soluble chaperones that ush- 
er hydrophobic inner-membrane 
proteins across the IMS (22). Most 
proteins with twin CxoC motifs 
are involved in the biogenesis 
of respiratory chain complexes 
and are particularly important for 
the incorporation of copper into 
cytochrome c oxidase (23). In ad- 
dition, the mitochondrial disul- 
fide relay system is, directly or 
indirectly, implicated in the im- 
port of IMS proteins with other cysteine arrange- 
ments, such as Ervl, copper-zinc superoxide 
dismutase (Sod1), and copper chaperone for 
Sod! (24, 25). However, the precise role of Mia40 
and Erv1 in the import and folding of these pro- 
teins is not known. 

Multiple PDIs—One Mia40. Presumably as a 
consequence of the large diversity of substrate 
proteins, the ER contains numerous PDIs that 
ensure the oxidative folding of secreted proteins 
by performing oxidation, isomerization, and 
reduction reactions, and all contain one or more 
thioredoxin-like domains (Fig. 3A). However, 
except for certain PDIs such as ERp57 (26), the 
respective subset of endogenous substrates re- 
mains unknown. In contrast, Mia40 is the only 
protein known that directly oxidizes substrates in 
the IMS. However, Mia40 has a completely 
different structure than PDIs (Fig. 3A) and so far, 
it is not clear whether it has chaperone and/or 
isomerase activity. 

Erol and Erv1 are unrelated twins. De 
novo disulfide bond formation in the IMS and 
the ER is driven by the sulfhydryl oxidases Erv1 
and Erol, respectively. Although evolutionarily 
unrelated, both proteins contain the same core 
structure: a four-helix bundle that coordinates the 
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FAD cofactor and positions it adjacent to a pair of 
cysteines (Fig. 3B) (20, 27). These cysteines 
directly interact with FAD as well as with a 
second cysteine pair in a flexible region of the 
protein that swings in and out of the core to 
interact with either PDIs (in the case of Erol) or 
Mia40 (in the case of Erv1). Given the different 
amino acid sequences of the proteins, the 
similarity of their three-dimensional structures 
and mechanism is surprising and a beautiful 
example of convergent evolution. 

Spatial organization of disulfide bond formation. 
It has been proposed that disulfide bond forma- 
tion in the ER as well as in the IMS proceed via a 
relay system, 1.e., the oxidoreductases (Mia40 or 
PDIs) oscillate between substrates and their re- 
spective sulfhydryl oxidases. However, recently, 
a ternary complex between substrate, Mia40, and 
Ervl has been observed (28). It was proposed 
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that this substrate-Mia40-Erv1 complex persists 
during substrate oxidation. Whether such a tight 
spatial organization of the oxidation pathway in 
the ER exists is unclear. 

Mitochondria avoid the production of H>O>. 
Erol transfers its electrons directly to molecular 
oxygen, giving rise to the production of H,O> 
(15). To avoid damage to cellular components, 
this reactive compound has to be detoxified in 
close proximity to its site of generation. How this 
detoxification is facilitated is unclear. In the IMS, 
the production of H,O, is avoided by coupling 
Erv1 directly to the respiratory chain, giving rise 
to the production of water. This coupling not only 
prevents the release of reactive oxygen species 
(ROS) but also increases the efficiency of Erv1 
reoxidation (//, /2). 

The ER is more “oxidizing.” The IMS is con- 
nected to the cytosol by porins in the outer mem- 


ER 


CGHC 


Major substrate 
binding site 


Fig. 3. The key components for eukaryotic protein oxidation. (A) Structures of the oxidoreductases Mia40 
(48) and PDI (49). Presumably due to their interaction with a variety of reduced and unfolded substrates, 
both proteins consist of two modules to exhibit a redox function (green) mediated by a CPC (Mia40) or a 
CGHC (PDI) motif and a chaperone/peptide-binding function (gray). Although the chaperone function has 
been shown for the b/b’ thioredoxin-like domains of PDI, it has only been proposed for the helix-turn-helix 
motif of Mia40. (B) Structures of the sulfhydryl oxidases Erv1 (27) and Ero1 (20). Both proteins facilitate 
the de novo generation of disulfide bonds via a four-helix-bundle structure (dark blue, helices 1 to 4) 
positioning a FAD cofactor (yellow) in proximity to a cysteine pair (orange). Both proteins show an almost 
identical architecture, although the primary sequence and the order of the helices are completely different. 
For example, in Ero1 additional intervening helices (light blue) loop out from the helix bundle and do not 
contribute to the formation of the FAD-binding site. The Protein Database accession numbers are presented 


in white next to the structures. 


brane of mitochondria that allow the diffusion of 
small ions such as glutathione. Consequently, the 
IMS has a higher ratio of reduced to oxidized 
glutathione than the ER lumen (29, 30). Never- 
theless, the IMS is clearly more “oxidizing” than 
the cytosol or the mitochondrial matrix. Whether 
the higher concentration of oxidized glutathione 
in the IMS is due to the activity of Erv1 or to the 
production of ROS in this compartment remains 
to be clarified. However, the chemical environ- 
ment does not necessarily dictate the redox state 
of proteins as the introduction of disulfide bonds 
is often enzymatically controlled. Hence, as 
has been shown for the ER, reduction and oxida- 
tion processes can occur in parallel in the same 
compartment. 

The oxidation machinery in the ER is redox- 
regulated. Because the action of the oxidative 
machinery in the ER yields one molecule of 
H,0, per de novo-generated disulfide bond, it 
has to be tightly controlled to counteract hyper- 
oxidizing conditions and reactive oxygen dam- 
age. Recently, an elegant feedback regulation 
control system was identified that keeps a check 
on Erol activity (3/—33): Erol contains several 
noncatalytic cysteine residues that form intra- 
molecular disulfide bonds under hyperoxidizing 
conditions, which attenuate its oxidase activity. 

Protein oxidation as regulator of protein 


function. The adaptation of Erol activity to the 


respective redox conditions in the ER is a won- 
derful example of redox control by disulfide for- 
mation. In the ER, several processes are regulated 
by the reversible formation of disulfide bonds. 
One example is the calcium homeostasis of the 
ER lumen where the uptake of calcium by the 
sarco(endo)plasmic reticulum calcium (SERCA) 
pump as well as the release by the inositol 1,4,5- 
trisphosphate (IP3) receptor are controlled by 
redox regulation of cysteine residues (34, 35). A 
redox control of Erv1 comparable to that of Erol 
has not been observed so far. However, the ac- 
tivity of Ervl depends on the cellular oxygen 
concentration through its coupling to the respira- 
tory chain. Thus, it appears conceivable that Erv1 
could be involved in the adaptation of mitochon- 
drial activities to the local oxygen concentration 
by introducing regulatory disulfide bonds (36). 
Although experimental evidence for a regulatory 
function of Ervl in vivo is still missing, it is 
striking that many IMS proteins contain con- 
served cysteine residues in motifs deviating from 
the ones found in typical import substrates (Fig. 
4). Potentially, processes such as the import of 
proteins into mitochondria, the biogenesis of 
the respiratory chain, respiratory activity, and 
apoptosis could be modulated by thiol-dependent 
redox processes, and it will be exciting to identify 
the relevance of these cysteine residues. 


Protein Oxidation in Health and Disease 


The oxidative folding of proteins in the ER is 
vital for cellular functionality. Dysfunctions in 
protein oxidation contribute to a variety of dis- 
eases (37-39), and the ER redox machinery plays 
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Fig. 4. IMS proteins with conserved cysteines. Numerous IMS proteins contain cysteine residues 
(indicated as dots) that are conserved among metazoa (p66shc, Pink1, Smac) or even among 
metazoa and fungi (all other proteins). Some of these cysteine residues coordinate cofactors such 
as heme groups or metal ions and therefore are maintained in a reduced state (yellow dots). In 
many cases, the presence of disulfide bonds between these residues has been proved (red dots). 
Further studies are needed to address the physiological relevance of thiol groups in the IMS, 
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especially of those not characterized so far (orange dots). 


a crucial role for the infection process of many 
viruses [for reviews, see, e.g., (40)]. The 
physiological relevance of mitochondrial protein 
oxidation is less understood. Mitochondria are a 
major source of cellular ROS production, partic- 
ularly under pathological conditions. The oxida- 
tive stress caused by mitochondrial dysfunctions 
is intimately linked to the pathology of many 
neurodegenerative diseases such as Alzheimer’s, 
Parkinson’s, or Huntington’s disease (4/—43). 
However, it remains difficult to determine wheth- 
er oxidative stress leads to, or is a consequence of, 
neurodegenerative processes. 

Even under physiological conditions, the ac- 
cumulating oxidative damage of mitochondrially 
produced ROS presumably contributes directly 
to the aging process of animals (44). ROS levels 
certainly influence the redox states of protein 
thiols, but it is not clear whether the aging effect 
of ROS is due to the increased formation of di- 
sulfide bonds in proteins or is caused by more 
pleiotropic oxidative damage. Recently, it was 
shown that the mitochondrial redox relay is crit- 
ical for the translocation of Sod1 into mitochon- 
dria (2, 25). Because this enzyme counteracts 
mitochondrial ROS, Erv1 activity might be di- 
rectly linked to the protection from ROS. Muta- 
tions in Sod1 are a well-described cause of 
amyotrophic lateral sclerosis, a progressive, fatal 
neurodegenerative disease caused by the degen- 
eration of motor neurons. Most mutations inter- 
fere with the folding of Sod1, which, at least for 
some mutations, leads to an accumulation of the 
mutated Sod! in mitochondria (45). A dynamic 
redox-dependent distribution of proteins between 
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the cytosol and the IMS was also observed for 
other proteins such as p66Shc. This critical de- 
terminant of individual life span (46) is translocated 
under stress conditions from the cytosol into the 
IMS of mitochondria in an oxidation-mediated 
manner (47). Critical for this translocation reac- 
tion is a cysteine-dependent homodimerization of 
the protein. It is not known how this oxidation is 
catalyzed, but it was suggested that p66Shc is 
oxidized by the mitochondrial disulfide relay 
system in order to trap it in the IMS (47). 


Outlook 


The formation of disulfide bonds in and between 
proteins is an efficient way to stabilize protein 
structures and to regulate protein activity in a 
redox-dependent manner. Recent studies on the 
oxidation machineries in the ER and in mitochon- 
dria have clarified the structures and mechanisms 
of both disulfide relay systems. Nevertheless, we 
only have a limited understanding of the phys- 
iological and pathological relevance, as well as of 
the regulatory functions, of these systems. This is 
particularly true for the mitochondrial disulfide 
relay. However, the large number of conserved 
cysteines in proteins of the IMS points to a critical 
role of thiol groups in this cellular compartment. 
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Anthropogenic Impacts on Nitrogen 
Isotopes of Ice-Core Nitrate 


M. G. Hastings,”* J. C. Jarvis,” E. J. Steig” 


he biogeochemical cycling of nitrogen has 
fundamentally changed in the past 150 

years with the addition of nitrogen oxide 
emissions (NO, = NO + NO3) from fossil fuel 
combustion and the fixation of atmospheric 
nitrogen to create fertilizer (/). Nitrate deposition 
(as HNO; or NO; ) is the main sink for NO,, so 
NO, sources must influence the nitrogen isotope 
composition [5'°N (2)] of atmospheric nitrate. 
Quantifying this influence is complicated by the 
lack of available data on 5'°N of NO, sources, 
which include lightning, biomass burning, bio- 
genic processes in soils, and fossil fuel combus- 
tion. Chemistry, transport, and postdepositional 
processes (e.g., evaporation or biological fixation) 
may also influence the 8!°N of nitrate deposition. 
To determine whether the ice core record of 
nitrate offers a means to track changes in NO, 
sources through time, we analyzed the 8'°N of 
nitrate in a 100-m-long ice core from Summit, 
Greenland (72.5°N, 38.4°W) spanning the past 300 
years (3). The data reveal a clear trend in BPN, 
which decreases from preindustrial values near 11 
per mil (%o) to significantly lower values (—1%o) in 
the past decade (Fig. 1). This decrease in 8>N is 
strongly correlated with fossil fuel emissions es- 
timates since 1750 (r = -0.92, P < 0.01) (4). The 
nitrate concentration record shows a clear rise since 
~1890, in good agreement with several higher- 
resolution records from Greenland (5). In contrast to 
nitrate concentration, the 5'°N 
shows a noticeable change as early 


@ 5N 


no seasonal difference in 5'°N. Importantly, 
although the 8'°N of nitrate deposited in both 
seasons has decreased over time, a greater de- 
crease is apparent in winter. If chemical and/or 
physical processes were of primary importance, 
we would not expect a significant change in &'°N 
seasonality over time. Furthermore, the observed 
change suggests that the seasonality observed in 
modem snow is due primarily to variations in 
NO, source emissions and/or their geographic 
distribution rather than local photochemistry (7). 

Assuming that the observed change in &!°N 
since 1850 is caused by NO, sources alone, we can 
calculate, by mass balance, that the average 58>N 
of NO, is —12.8%o (£2.4%o), with use of a pre-1850 
5°N and nitrate mean (tSD) of 11.4%o (+1.3%o) 
and 73.3 parts per billion (ppb) (+11.9 ppb), 
respectively, and 0.5%o0 (+2.4%o) and 133.0 ppb 
(£25.5 ppb) post-1950. The greatest rate of change 
in 8°N occurs between 1950 and 1980, coincident 
with a rapid increase in fossil fuel emissions. The 
significant coherence between emissions estimates 
and 8'°N suggests that this source is largely re- 
sponsible for the trend in 8'°N (Fig. 1 and fig. $2). 
A negative 5'°N for fossil fuel NO, implies that 
nitrate deposition to Greenland arising from pre- 
industrial sources has an overall positive 5'°N, al- 
though this contrasts with our present, limited 
knowledge of the &!°N of NO, sources (8). 
Qualitatively, a negative 5'°N associated with fossil 


A nitrate concentration © —— fossil fuel emissions 


as ~1850. 

Impurities in Greenland ice 
primarily result from transport of 
Northern Hemisphere (N.H.) pollu- 
tants, and the isotopic composition 
of nitrate appears to reflect this 
(6, 7). The trend in 8'°N of nitrate 
over the past 300 years is difficult to 
explain except as the result of 
variations in NO, sources. Although 
isotopic fractionation associated 
with chemistry, transport, accumu- 


3'5N(NO,) (%o vs. air) 
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lation rate, and/or postdepositional 
processing of nitrate may affect 
the 8'°N of nitrate preserved in ice 
(6, 7), none of these processes is 
expected to follow such a trend. To 
test this, we investigated seasonality 
in 8'°N in recent and preindustrial 
ice (fig. S1). Recent accumulation 
shows seasonality in 8'°N, with 
summer values higher than winter. 
In contrast, preindustrial ice shows 


1950 1900 


1850 1800 1750 1700 


Fig. 1. 5°°N of nitrate (solid circles) and nitrate concentration (open 
triangles) in a 100-m ice core from Summit, Greenland, spanning 
~1718 to 2006. Each data point represents ~2 to 3 years of 
accumulation. The 5*°N of nitrate was determined by using the 
denitrifier method; nitrate concentrations were determined by using 
standard ion chromatography (3). The error bars on 5*°N symbols 
indicate +1 standard error of the mean based on multiple analyses of 
the same sample; error bars for nitrate concentration are smaller than 
the symbol size. Also shown is an estimate of global CO2 emissions 
from fossil fuels since 1750 (solid black line; right axis) (4). 


fuel emissions and an overall positive &!°N asso- 
ciated with other N.H. sources may explain the 
recent changes in 8'°N (fig. S2). For example, from 
1980 to 1990 both 5'°N and nitrate concentration 
increased. Compared with the previous several 
decades, the rate of NO, emissions from fossil fuel 
combustion slowed between 1980 and 1990, where- 
as both biomass burning and agricultural emissions 
of NO, increased (9). 

Our results suggest that it should be possible to 
quantitatively reconstruct the influence of different 
NO, sources on preserved nitrate. Obtaining quan- 
titative results will require source-specific isotopic 
measurements of NO,, as well as a better under- 
standing of possible fractionations associated with 
chemistry and transport. The variability in &!°N of 
nitrate in the recent past, as well as on longer time 
scales (/0), has implications for the interpretation of 
8'°N of total nitrogen found in lake and ocean 
sediments and in tree rings (//). Further measure- 
ments of 5'°N of nitrate will contribute to 
understanding the influence of climate on natural 
sources of NO,. 
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Regulation of Hypoxia-Inducible 
Factor 2a Signaling by the 
Stress-Responsive Deacetylase Sirtuin 1 


Elhadji M. Dioum,”2* Rui Chen,?"2* Matthew S. Alexander,” Quiyang Zhang,” 
Richard T. Hogg,” Robert D. Gerard,”? Joseph A. Garcia} 


To survive in hostile environments, organisms activate stress-responsive transcriptional 
regulators that coordinately increase production of protective factors. Hypoxia changes cellular 
metabolism and thus activates redox-sensitive as well as oxygen-dependent signal transducers. 
We demonstrate that Sirtuin 1 (Sirt1), a redox-sensing deacetylase, selectively stimulates 
activity of the transcription factor hypoxia-inducible factor 2 alpha (HIF-20) during hypoxia. 
The effect of Sirt1 on HIF-20 required direct interaction of the proteins and intact deacetylase 
activity of Sirt1. Select lysine residues in HIF-2o that are acetylated during hypoxia confer 
repression of Sirt1 augmentation by small-molecule inhibitors. In cultured cells and mice, 
decreasing or increasing Sirt1 activity or levels affected expression of the HIF-2o target gene 
erythropoietin accordingly. Thus, Sirtl promotes HIF-2 signaling during hypoxia and likely other 
environmental stresses. 


ypoxia-inducible factors (HIFs) are tran- 
Herre regulators that control genes 

induced during hypoxia and other stresses 
(J). Activation of the founding HIF member, 
HIF-1a, is increased when oxygen concentrations 
are reduced. The second HIF alpha member, en- 
dothelial PAS domain protein 1 (EPAS1) (2), also 
known as HIF-2a, is closely related to HIF-1a in 


structure and is likewise activated during hypoxia 
(3). HIF-2a target genes identified from mouse 
knockout studies include Sod2 encoding the 
mitochondrial-localized major antioxidant enzyme 
manganese superoxide dismutase (4), Vegf4 en- 
coding the proangiogenic regulator vascular endo- 
thelial growth factor A (5), and Epo encoding the 
cytokine erythropoietin (6, 7). 


The activity of HIF members is in part regu- 
lated by oxygen concentrations. When oxygen 
levels are normal, HIF-1o and HIF-20 undergo 
posttranslational modifications by oxygen- 
dependent prolyl (8, 9) and asparaginyl (/0) 
hydroxylases that decrease HIF-a protein stability 
and activity, respectively. When oxygen levels are 
low, oxygen-dependent hydroxylases are inactive 
and HIF-a signaling increases. Although they are 
subject to similar oxygen-dependent modifica- 
tions, HIF-lo and HIF-2a differ in other details 
of their regulation. 

HIF-lo, but not HIF-2a, is transcriptionally 
regulated during hypoxia, and the activity of 
HIF-1a is proportional to its abundance (3, //, 2). 
Amounts of HIF-20 protein increase modestly 
during hypoxia, but HIF-20—dependent trans- 
activation increases markedly, which suggests 
that additional posttranslational mechanisms 
besides oxygen-dependent hydroxylation regu- 
late HIF-2c activity (13). Hypoxia alters cellular 
redox state in vivo (/4, 5). Redox-sensitive 
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the activator resveratrol 


(R) on augmentation by exogenous SIRT1 of transcription from the Sod2 
Prom:luc, VegfA Prom:luc, or Epo Enh-Prom:luc reporters in Hep3B cells 
expressing P1P2N HIF-2a. Statistical significance [analysis of variance 
(ANOVA)] of P1P2N HIF-20 plus SIRT1 with pharmacological treatment 
relative to P1P2N HIF-20 plus SIRT1 with vehicle is indicated. (C) Tran- 


scriptional effects of exogenous WT or deacetylase mutant (DAC) SIRT1 
expressed with P1P2N HIF-2a on transcription from the Sod2 Prom:luc, VegfA 
Prom:luc, or Epo Enh-Prom:luc reporters in Hep3B cells. The bars in (A) to (C) 
represent the mean + SEM of three independent transfections, with each 
transfection performed in triplicate. 
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modifications of HIF-o. proteins are one potential 
mechanism whereby HIF-o activity could be 
controlled. 

Silent information regulator 2 (Sir2) is a 
redox-sensitive, class III histone deacetylase 
(HDAC) initially identified from studies of aging 
in yeast (16). Homologs of the Sir2 protein in 
higher eukaryotic organisms are known as Sirtuin 
(Sirt) proteins, with Sirtl being most closely re- 
lated to Sir2 (17). In cultured mammalian cells, 
Sit] is activated in response to growth factor dep- 
rivation and increased oxidative stress. Changes 
in the cellular redox state as reflected by pyridine 
nucleotide homeostasis, specifically concentra- 
tions of oxidized nicotinamide adenine dinucle- 
otide (NAD+) or the ratio of the concentration of 
NAD+ and its reduced form NADH, control the 
deacetylase activity of Sir2 and its homologs (/8). 

Sirt1 augments HIF-2 signaling. Because 
hypoxia affects the cellular redox state, we rea- 
soned that Sirtl could be activated during hy- 
poxia and could participate in HIF signaling. We 
investigated whether HIF-responsive regulatory 
regions responded to Sirtl overexpression. In 
human hepatoma Hep3B cells, overexpression of 
wild-type (WT) HIF-2a activated the isolated 
mouse Sod2 promoter reporter, Sod2 Prom:luc, 
also activated by HIF-20 in human embryonic 
kidney (HEK) 293 cells (4). Overexpression of 
Sirt! further augmented transcriptional activity of 
this reporter induced by WT HIF-2o, (Fig. 1A). 
Sirtl also augmented WT HIF-20-activated tran- 
scription of isolated mouse Vegf4 and Epo regu- 
latory regions (Fig. 1A). In contrast, Sirtl did not 
augment transcription of Sod2 Prom:luc, Vegf 
Prom:luc, or Epo Enh-Prom:luc mediated by WT 
HIF-1a (Fig. 1A). 

We examined whether activation of HIF-20 
signaling by Sirtl was independent of known 
oxygen-dependent modifications of HIF-o. pro- 
teins. Alanine substitutions of the proline (P) and 
asparagine (N) residues that are hydroxylated 
under normal oxygen conditions result in mutant 
HIF-a proteins, referred to as P1P2N HIF-1lo or 
P1P2N HIF-2a, that are equally active when ox- 
ygen conditions are normal (normoxia) as when 
they are reduced (hypoxia). Sirt] augmented tran- 
scription of the Sod2 Prom:luc, VegfProm:luc, or 
Epo Enh-Prom:luc reporter by P1P2N HIF-2o, 
but not by P1P2N HIF-la (Fig. 1A). Sirt] aug- 
mentation of P1P2N HIF-2o signaling was simi- 
lar or exceeded that of WT HIF-2a signaling for 
all three reporters. 

Sirtl deacetylation of FoxO transcription fac- 
tors results in enhanced transcription of genes 
encoding prosurvival factors including Sod2 (19), 
also a target for HIF-20 (4). FoxO members also 
participate in the hypoxia response (20). We deter- 
mined whether Sirt] augmentation of HIF-2a sig- 
naling involves signaling through FoxO proteins. 
In comparison with HIF-2a, constitutively active 
FoxO, expressed in the absence or presence of 
Sirtl, modestly activated transcription of Sod2 
Prom:luc and had no effect on transcription of 
Vegf Prom:luc or Epo Enh-Prom:luc (Fig. 1A). 


The synthetic HIF-responsive reporter 3xHRE-tk __ kinase (tk) promoter, was activated to a comparable 
Prom:luc, consisting of three HIF-responsive ele- extent by P1P2N HIF-la or P1P2N HIF-2a, but 
ments (HREs) upstream of a minimal thymidine —Sirt! only augmented HIF-20-—activated transcrip- 
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Fig. 2. Regulation of HIF-2a acetylation by Sirt1. (A) Association of endogenous SIRT1 and HIF-2o. 
during hypoxia. SIRT1 was immunoprecipitated (IP) from nuclear extracts (NE) of Hep3B cells at the 
indicated time points. Association of HIF-1a or HIF-2a@ was detected by immunoblotting (IB). (B) 
Acetylation of endogenous HIF-2c during hypoxia. HIF-20 was immunoprecipitated (IP) from nuclear 
extracts (NE) prepared from Hep3B cells maintained under normal oxygen conditions (normoxia) or 
reduced oxygen conditions (hypoxia) and treated with trichostatin A (TSA) plus sirtinol. Equivalent 
amounts (1x) of the normoxia and hypoxia immunoprecipitated HIF-20, samples, as well as an adjusted 
amount (0.125x) of the hypoxia HIF-2a sample, were examined for acetylated and total HIF-2a by 
immunoblotting (IB). (C) Depletion of SIRT1 and acetylation of endogenous HIF-2o during hypoxia. 
Acetylation of endogenous HIF-20 was detected by immunoblotting (IB) nuclear extracts (NE) prepared 
with TSA from hypoxia-exposed Hep3B cells expressing control (CON), WT, or MUT Sirt1 shRNA. 
Depletion of SIRT1 was confirmed by immunoblotting of whole-cell extracts (WCE). (D) In vitro 
deacetylation of acetylated P1P2N HIF-20. by WT or DAC SIRT1. After 1 hour, amounts of acetylated and 
total P1P2N HIF-2c were assessed by IB. 
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Fig. 3. Regulatory roles of HIF-20 carboxy terminal acetylated lysines. (A) Acetylation of P1P2N HIF-2o. 
containing intact lysine (K3), alanine-substituted (A3), or arginine-substituted (R3) amino acids in the 
carboxy terminus expressed in Hep3B cells and maintained under normal oxygen conditions (normoxia) 
or under reduced oxygen conditions (hypoxia). P1P2N HIF-20. was immunoprecipitated (IP) from WCE 
prepared with TSA, sirtinol, and sodium butyrate (NaB). Acetylated or total HIF-2o. in immunoprecipitated 
samples was assessed by IB. (B) Association of Sirt1 with HIF-2o lysine substitution mutants. P1P2N 
HIF-2@ with intact carboxy terminal acetylated lysine residues (K3) or with alanine (A3) or arginine (R3) 
substitutions expressed in Hep3B cells and immunoprecipitated from WCE. Amounts of HIF-20 and 
associated exogenous SIRT1 were detected by IB. (C) Transcriptional activation of HIF-20. lysine 
substitution mutants by Sirt1. Transcription of the Epo Enh-Prom:luc reporter by exogenous SIRT1 in 
Hep3B cells in which parental (K3), alanine-substituted (A3), or arginine-substituted (R3) P1P2N HIF-20, 
was expressed in either the absence or presence of the Sirt1 inhibitor sirtinol. Statistical significance 
(Student's t test) of PLP2N HIF-2c. plus SIRT1 in the presence of Sirtinol, relative to PLP2N HIF-2c alone, 
for each P1P2N HIF-20 form is indicated. The data represent the mean + SEM of three independent 
transfections, with each transfection performed in triplicate. 
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tion (fig. SLA). The synthetic FoxO-responsive 
reporter 8xFBE-tk Prom:luc, containing eight 
FoxO binding elements (FBEs) upstream of the 
minimal tk promoter, responded only to consti- 
tutively nuclear FoxO members and not to HIF-o. 
overexpression with or without Sirt! (fig. S1A). 

We examined whether Sirt! augmentation 
of HIF-2 signaling was affected by pharmaco- 
logical modulation of Sirtl activity. Nicotinamide 
(NAM), a pyridine nucleotide end product gen- 
erated after Sir2- or Sirtl-mediated deacetyla- 
tion, inhibits Sir2 or Sirtl action (2/), as does 
the synthetic compound sirtinol (22), whereas the 
natural polyphenol resveratrol stimulates activ- 
ity of Sir2 or Sirtl (23). NAM or sirtinol re- 
duced, and resveratrol increased, the ability of 
Sirtl to augment HIF-2o0, transactivation of the 
Sod2, VegfA, and Epo reporters (Fig. 1B) (24). 
In comparison, NAM, sirtinol, and resveratrol 
had no effect on transcription of these reporters 
by HIF-1la (fig. S1B). 

Nuclear-localized Sirt! modulates the activity 
of coactivator proteins (25, 26), represses select 


transcription factors (27-29), and activates other 
transcription factors (19, 30-34) through its de- 
acetylase activity. We examined whether genetic 
modulation of Sirt] deacetylase activity affected 
augmentation of HIF-2 signaling by Sirtl. A 
site-directed point mutation that inhibits Sirtl 
deacetylase activity (DAC) eliminated the Sirt1 
stimulatory effect on expression of all three 
reporters (Fig. 1C). 

HIF-2@ acetylation during hypoxia is re- 
versed by Sirt1. Augmentation of HIF-2a sig- 
naling by Sirtl required an intact deacetylase 
function of Sirtl. We determined whether en- 
dogenous HIF-2a can bind to and act as an 
acetylated substrate for Sirt] in Hep3B cells. 
Endogenous HIF-20, but not HIF-la, associ- 
ated with Sirt! during hypoxia (Fig. 2A). When 
isolated from hypoxia-exposed Hep3B cells in 
the presence of the HDAC I/II inhibitor trichostatin 
A (TSA) and the HDAC III (Sirtl) inhibitor 
sirtinol, HIF-20 was acetylated (Fig. 2B). After 
depletion of endogenous Sirtl, acetylated HIF-20 
was detected in extracts from hypoxia-exposed 
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Fig. 4. Modulation of Epo gene expression by Sirt1 in cell culture. (A) Association of endogenous SIRT1 
and HIF-20, to the EPO enhancer during hypoxia. Using extracts prepared from Hep3B cells after hypoxia 
exposure, chromatin immunoprecipitation (ChIP) assays were done with antibodies to SIRT1, HIF-1o, or 
HIF-2a and with primers encompassing the human EPO enhancer. FPO mRNA expression was assessed by 
real-time reverse transcription polymerase chain reaction (rtRT-PCR) for parallel samples and was 
normalized to expression of the housekeeping gene cyclophilin B (CYCLOPHILIN). (B) Pharmacological 
manipulations of Sirt1 activity and FPO expression during hypoxia. After vehicle, resveratrol, or sirtinol 
treatment, EPO expression was measured by rtRT-PCR in Hep3B cells maintained under normal (normoxia, 
N) or reduced (hypoxia, H) oxygen conditions. Statistical significance (Student's t test) is indicated. The 
data represent the mean + SEM of triplicates for each treatment. (C) SIRT1 depletion and EPO expression 
during hypoxia. FPO gene expression was measured by rtRT-PCR in Hep3B cells expressing control, WT 
SIRT1 shRNA, or MUT SIRT1 shRNA and maintained under normoxia (N) or hypoxia (H) conditions. 
Statistical significance (ANOVA) for hypoxia samples is indicated. The data represent the mean + SEM of 
triplicates for each transfection. (D) Pharmacological inhibition of Sirt1 activity and endogenous HIF-2a 
stability. Nuclear extracts (NE) from hypoxia-exposed Hep3B cells treated with dimethyl sulfoxide, sirtinol, 
or sirtinol plus TSA followed by cycloheximide-mediated protein inhibition were prepared and immu- 
noblotted (IB) with antibodies recognizing human HIF-2a or the normalization control TATA-binding 
protein (TBP). (E) Sirt1 depletion and endogenous HIF-20 amounts. WCE of normoxia- or hypoxia-exposed 
Hep3B cells treated with control, WT SIRT1 shRNA, or MUT SIRT1 shRNA were immunoblotted (IB) with 
antibodies recognizing human SIRT1, HIF-20,, or the normalization control c-tubulin (TUBULIN). 
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Hep3B cells prepared in the absence of pharma- 
cological inhibitors of Sirtl (Fig. 2C). Acetylated 
HIF-2a was directly deacetylated by WT Sirtl 
but not by DAC Sirtl, as assessed by in vitro 
deacetylation assays (Fig. 2D). 

We next examined whether augmentation of 
HIF-20 signaling by Sirtl was restricted to 
Hep3B cells. Amounts of P1P2N HIF-la and 
P1P2N HIF-2o protein in Hep3B and HEK293 
cells were similar and were not affected by Sirt1 
overexpression (figs. S1C and S3C). Augmenta- 
tion of HIF-20 signaling by Sirtl for isolated 
reporters was observed in HEK293 cells and 
responded similarly to pharmacological modula- 
tion of Sirtl activity (fig. S2 and S3) (24). Sirtl 
associated with exogenous P1P2N HIF-2a, but 
not with exogenous P1P2N HIF-1la, in HEK293 
cells maintained under normal atmospheric oxy- 
gen concentrations and occurred irrespective of 
whether class I/II (TSA) or class I/II+III (TSA + 
NAM) HDAC inhibitors were present (fig. S4A). 
Acetylation of exogenous P1P2N HIF-2a protein 
isolated from HEK293 cells exposed to hypoxia 
was not observed with effective concentrations of 
TSA (fig. S4B) but was observed when treated 
with TSA and sirtinol (fig. S4C). Acetylation and 
amounts of endogenous HIF-20 protein in- 
creased during hypoxia in HEK293 cells (fig. 
S4D). Exogenous as well as endogenous HIF-20 
was acetylated during hypoxia when endogenous 
Sirtl in HEK293 cells was depleted in the 
absence of Sirt1 inhibitors (fig. S4, E and F). 

Sirt1 augmentation localizes to the HIF-2a 
carboxy terminus. We tested whether a specific 
region of HIF-20 binds to and confers augmen- 
tation by Sirtl. We expressed truncated forms of 
P1P2N HIF-20 in HEK293 cells along with Sirt1 
and analyzed immunoprecipitated proteins. The 
carboxy terminus (C terminus) of HIF-2a, en- 
compassing amino acids 350 to 870, was 
sufficient to form a stable complex with Sirtl 
(fig. S5, A and B). In vitro stable and direct 
binding of WT Sirtl, but not DAC Sirt1, to the 
HIF-2a C terminus was detected using bacterial- 
produced HIF-2a (fig. SSC). Sirtl augmentation 
of HIF-2o transcription from reporters occurred 
in both Hep3B and HEK293 cells, with hybrid 
HIF proteins containing the C terminus of HIF-2a 
(figs. S6A and S7A). Activation of a mammalian 
two-hybrid reporter occurred when WT Sirtl and 
the C terminus of HIF-20 were coexpressed as 
hybrid constructs in either Hep3B or HEK293 
cells (figs. S6B and S7B). 

We asked whether specific acetylated lysine 
residues in the C terminus of HIF-20 could play a 
regulatory role in HIF-2 signaling. Mass spec- 
trometry revealed acetylation of exogenous 
P1P2N HIF-20 during hypoxia at three lysine 
residues (K385, K685, and K741) within the 
HIF-20 C terminus (fig. S8, A to C). Substitu- 
tion mutants of the three acetylated lysines in 
the C terminus of HIF-2a0, with alanine (A3) or 
arginine (R3) residues, were not acetylated dur- 
ing hypoxia (Fig. 3A and fig. S9A) but retained 
interaction with Sirtl (Fig. 3B and fig. S9B). 
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Similar to findings observed with lysine substi- 
tution mutants of PPAR gamma coactivator 
la (PGC-1q), also a target for Sirtl-mediated 
deacetylation and augmentation (35), tran- 
scriptional activities of the HIF-20 lysine sub- 
stitution mutants were augmented by Sirt1 but 
were not repressed by a small molecule in- 
hibitor of Sirtl (Fig. 3C and fig. S9C). 

Sirt1 regulates Epo expression in cell cul- 
ture. We next assessed whether Sirt! participated 
in regulation of endogenous HIF-2a target genes 
in cells. Chromatin immunoprecipitation experi- 
ments revealed increased recruitment of Sirt] and 
HIF-2a to the Epo enhancer region in Hep3B 
cells during hypoxia (Fig. 4A). Pharmacological 
manipulations of Sirtl activity resulted in 
increased abundance of Epo mRNA with agents 
that stimulate Sirtl deacetylase activity and de- 
creased Epo mRNA concentrations with agents 
that inhibit Sirtl deacetylase activity (Fig. 4B). 
Depletion of Sirtl resulted in reduced induction 
of Epo mRNA (Fig. 4C). Neither pharmaco- 
logical manipulations nor genetic inhibition of 
Sirtl affected amounts of endogenous HIF-2a 
protein (Fig. 4, D and E). 

Sirt1 contributes to Epo regulation in mice. 
If inhibiting Sirtl deacetylase activity blunts 
HIF-20 signaling in cells, then reduced Sirtl 
gene dosage should affect in vivo HIF-2a sig- 
naling. We determined whether Sirt] signaling 
is physiologically relevant to regulation of the 
HIF-2a selective target gene Epo. During mouse 
development, the liver is a major source of Epo at 


the mid- to late-gestational stages. At embryonic 
day 14.5 (E14.5), when HIF-20 deficiency re- 
sults in lower Epo mRNA concentrations in the 
fetal liver, Sirt!~ embryos had significantly 
lower amounts of Epo mRNA compared with 
SirtI'”” mice (Fig. 5A). In contrast, at E12.5, 
when HIF-20 deficiency has no effect on Epo 
mRNA concentrations in the fetal liver, Sirtl 
embryos had similar amounts of Epo mRNA as 
Sirtl'” mice (fig. S10). 

SirtI mice exhibit substantial prenatal and 
perinatal lethality as well as marked postnatal 
pathology (36). Sirt1 * mice, in comparison, 
lack gross abnormalities or gestational lethality. 
To assess whether partial Sirt] deficiency affects 
in vivo HIF-2a signaling, we tested whether renal 
Epo gene expression differed between Sirt/*”" and 
Sirtl’’” mice exposed to hypoxia (6% oxygen). 
Sirtl’” mice had blunted induction of renal Epo 
mRNA relative to Sirtl’’’ mice after hypoxia 
exposure (Fig. 5B). Both groups of mice had sim- 
ilar amounts of renal Epo mRNA under ambient 
oxygen conditions (21% oxygen, room air). 

Congenital Sirt! deficiency affects fetal and 
adult Epo gene expression in mice. We asked 
whether acute alterations in Sirtl could modulate 
Epo gene expression in adult mice. Adenoviruses 
encoding P1P2N HIF-la, P1P2N HIF-20, or WT 
Sirtl were injected into tail veins of adult mice; 
hepatic Epo mRNA levels and hematocrits were 
measured 1 week later. Sirt] alone had no sig- 
nificant effect on hepatic Epo mRNA levels and 
hematocrits (fig. S11). Ectopic P1P2N HIF-2a, 
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exposed to short-term continuous hypoxia (STCH). Statistical significance (Z-test) is indicated. The bars 
represent the mean + SD of six (Sirt1**) or eight (Sirt1*”) mice. (C) Hepatic Epo expression in animals 
expressing ectopic Sirt1 and HIF-2a. Amounts of Epo mRNA expressed in liver at day 7 after injection in 
adult mice of adenovirus encoding mock, P1P2N HIF-10, P1P2N HIF-20, WT Sirt1, or DAC Sirt1, as 
indicated. Statistical significance (Student's t test) is indicated. The bars represent the mean + SD of five 
mice per treatment group. (D) Hepatic Epo expression in animals depleted in Sirt1 and expressing ectopic 
HIF-2c.. Amounts of Epo mRNA expressed in liver at day 7 after injection in adult mice of adenovirus encoding 
mock, Sirt1 WT shRNA, Sirt1 MUT shRNA, or P1P2N HIF-2a,, as indicated. Statistical significance (Student's t 
test) is indicated. The bars represent the mean + SD of five mice per treatment group. For (A) to (D), amounts 
of Epo mRNA were measured by rtRT-PCR and were normalized to amounts of cyclophilin B (cyclophilin) 
mRNA, a housekeeping gene whose expression levels are similar between the different groups. 


but not P1P2N HIF-lo, expression markedly 
increased hepatic Epo mRNA levels as well as 
hematocrits; these physiological parameters were 
further augmented when WT Sirtl was coex- 
pressed with P1P2N HIF-2a (Fig. 5C). 

We determined whether Sirtl deacetylase 
activity was required to augment Epo gene ex- 
pression by ectopic P1P2N HIF-2a in adult mice. 
Adenoviruses encoding P1P2N HIF-la, P1P2N 
HIF-20, WT Sirtl, or DAC Sirtl were injected 
into adult mice; hepatic Epo mRNA levels and 
hematocrits were measured 1 week later. Ectopic 
P1P2N HIF-2a, but not P1P2N HIF-la, mark- 
edly increased hepatic Epo mRNA levels (Fig. 
5C) and spleen weights, the latter indicative of a 
dramatic increase in circulating red blood cell 
mass (fig. S12A). Combined overexpression of 
P1P2N HIF-20 and WT, but not DAC, Sirtl 
further augmented Epo mRNA levels (Fig. 5C) 
and hematocrits (fig. S12B). 

Although overexpression of Sirtl alone does 
not affect Epo gene expression in the liver, en- 
dogenous Sirtl could contribute to HIF-2 signal- 
ing in the liver when HIF-2 signaling is active. 
We examined whether an acute reduction in 
Sirtl levels affected hepatic Epo gene expres- 
sion induced by ectopic P1P2N HIF-2a expres- 
sion. Adenovirus encoding short hairpin RNA 
(shRNA) against Sirtl were injected into mice 
to deplete Sirtl in livers. The rise in hepatic Epo 
mRNA concentrations (Fig. 5D) and hematocrits 
(fig. S13) induced by ectopic P1P2N HIF-2a 
were blunted in mice expressing WT, but not 
mutant (MUT), Sirt] shRNA. 

Discussion. We reasoned that during hypoxic 
stress, redox changes would activate Sirtl and 
that activated Sirtl would regulate HIF signaling. 
Our molecular and biochemical findings support 
this hypothesis. Furthermore, our cell culture and 
animal data extend the biological action for Sirt1, 
beyond its previously defined roles in aging and 
caloric restriction, to a functional role in hypoxic 
signaling. Specifically, we demonstrate that Sirt1 
augments HIF-20 signaling and consequently 
participates in regulation of the HIF-2o target 
gene Epo. Erythropoietin, generally considered 
an erythrogenic growth factor, is also a potent 
prosurvival factor that protects developing stem 
cell and progenitor cells in a variety of organs 
(37). Activation of Sirtl] may facilitate HIF-20— 
directed production of erythropoietin in cellular 
niches characterized by hypoxic and possibly 
other environmental stresses. 

In developing mice, hepatic Epo gene ex- 
pression is normally induced by physiological 
hypoxia induced by growth. Sirtl deficiency 
affects embryonic hepatic Epo gene expression at 
the same developmental time point when HIF-2a 
deficiency exerts its consequence. In adult mice, 
hypoxia-induced increases in renal Epo gene 
expression are blunted in Sirt] haploinsufficient 
mice, similar to that observed with adult HIF-20 
haploinsufficient mice (7). As further evidence of 
Sirt!/HIF-2a signaling regulating Epo gene expres- 
sion in vivo, acute Sirtl knockdown in adult liver 
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blunts ectopic HIF-20—induced increases in hepatic 
Epo gene expression, whereas concomitant Sirt] and 
HIF-20. overexpression further augments hepatic 
Epo gene expression in normoxic mice compared 
with ectopic HIF-2c overexpression alone. 
Although Sirtl overexpression augments 
HIF-20-induced Epo expression, increased Sirtl 
activity alone is not sufficient to induce hepatic 
Epo gene expression in mice. Interestingly, HIF 
signaling and Sirt] activity in the liver are inverse- 
ly regulated during caloric restriction. Whereas 
caloric restriction of aged rats results in reduced 
HIF-1 signaling and blunted expression of HIF 
target genes in the liver, including Epo (38), 
caloric restriction is associated with increased he- 
patic Sirtl activity (39), which indicates that Sirt] 
or HIF-2a signaling pathways can be controlled 
independent of each other in a stress-dependent 
manner. In addition to repressing HIF-lo sig- 
naling, caloric restriction may directly repress 
HIF signaling induced by HIF-2a. Alternatively, 
caloric restriction may induce expression of a 
repressor of Epo gene expression that suppresses 
Sirtl/HIF-20 signaling in a dominant fashion. 
Our data integrate Sirtl-HIF-20 signaling 
with other stress-responsive, prosurvival signal 
transduction pathways that are modulated by 
Sirtl in mammals. HIF-2a is only present in ver- 
tebrates and regulates expression of prosurvival 
factors under hypoxia and other adverse envi- 
ronmental conditions (2). HIF-2 signaling, regu- 
lated in part by hypoxia-induced acetylation, and 
Sirtl augmentation of HIF-2 signaling, conferred 
through Sirtl/HIF-20 complex formation as well 
as by Sirtl-mediated deacetylation of acetylated 
HIF-2a, likely have a specialized role in higher 
metazoans. Signaling from Sirtl to HIF-20 could 


be induced by other environmental stresses be- 
sides hypoxia that alter pyridine nucleotide ho- 
meostasis and activate HIF-20 signaling. Identifying 
the relevant environmental stressors that induce 
Sirtl/HIF-2a signaling and defining the role of 
Sutl/HIF-2a signaling in the regulation of pro- 
tective cellular mechanisms in mammals may 
provide novel therapeutic opportunities for hu- 
man disease states. 
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Did Warfare Among Ancestral 
Hunter-Gatherers Affect the Evolution 
of Human Social Behaviors? 


Samuel Bowles?’ 


Since Darwin, intergroup hostilities have figured prominently in explanations of the evolution of 
human social behavior. Yet whether ancestral humans were largely “peaceful” or “warlike” remains 
controversial. | ask a more precise question: If more cooperative groups were more likely to prevail 
in conflicts with other groups, was the level of intergroup violence sufficient to influence the 
evolution of human social behavior? Using a model of the evolutionary impact of between-group 
competition and a new data set that combines archaeological evidence on causes of death during 
the Late Pleistocene and early Holocene with ethnographic and historical reports on hunter- 
gatherer populations, | find that the estimated level of mortality in intergroup conflicts would have 
had substantial effects, allowing the proliferation of group-beneficial behaviors that were quite 


costly to the individual altruist. 


number of explanations of the evolution of 
human social behavior, starting with Darwin 
(Z). The underlying mechanism is that (as Darwin 
put it) groups with “a greater number of cou- 


[z= hostilities figure prominently in a 
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rageous, sympathetic and faithful members, who 
were always ready to warn each other of danger, 
to aid and defend each other...would spread and 
be victorious over other tribes” [(/), p. 156]. 
An implication is that if intergroup conflict is 


frequent and lethal, then more altruistic group- 
beneficial behaviors—those entailing greater 
costs to the individual altruist—will be able to 
proliferate. 


Notwithstanding a number of insightful re- 


cent studies (2-4), however, lethal intergroup con- 
flict among hunter-gatherers during the Late 
Pleistocene and early Holocene remains a con- 


tro 
its 


versial subject, with little agreement on either 
extent or consequences (5, 6). Among the 


empirical challenges are the lack of written ac- 
counts, the difficulty in making inferences from 
hunter-gatherers in the ethnographic record about 
conditions before the domestication of plants and 
animals and the emergence of states, and the fact 
that most foragers made little use of fortifications 
and killed each other with the same weapons that 
they used to hunt other animals, thus leaving few 
distinctive archaeological traces other than skel- 
etal remains. 


In light of the available archaeological and 


ethnographic evidence, could war among ances- 
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tral humans have had substantial effects on the 
evolution of altruistic behavior? To answer the 
question, I draw upon recent models of human 
evolution in which competition between groups 
plays a prominent role (7—/4) to quantify the 
relation between the frequency and intensity of 
warfare and the selective pressures operating on 
altruistic behaviors. I use a variant of these mod- 
els along with a new set of empirical estimates of 
the extent of war among both prehistoric and 
historic hunter-gatherers to derive an explicit mea- 
sure of the importance of warfare in the evolution 
of human social behavior. This measure is the 
maximum degree of altruistic behavior—namely 
c*, the greatest cost borne by individuals in order 
to benefit fellow group members—that could 
have proliferated given the empirically likely 
extent of warfare during the Late Pleistocene and 
early Holocene. 

The absence of archaeological evidence of 
persistent economic and political differentiation 
between families before about 24,000 years ago 
(/5) indicates that the most informative data for 
understanding Late Pleistocene humans pertain 
to hunting and gathering populations without 
formal political structures (chiefs, “big men,” or 
states). I exclude populations making substantial 
use of domesticated plants and animals, namely, 


Table 1. Fraction of total mortality due to warfare 
(5): summary statistics. Complete sources, methods, 
and other details for this and Table 2 are in (17). 
Weights are the square root of the total number 
of deaths. 


Weighted Arithmetic Median 
mean mean 
Archaeological 0.12 0.14 0.12 
Ethnographic 0.16 0.14 0.13-0.15 
All 0.14 0.14 30.12 
OBEskimo 
» ~~ “<amBritish Columbia (30 sites) ‘ 
Be eae california (4 siths) 
5. California (28 sites) 
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pastoral, horticultural, agricultural, and equestrian 
hunting populations. Because hunter-gatherer pop- 
ulations occupying resource-rich areas in the Late 
Pleistocene and early Holocene were probably 
sedentary (at least seasonally), I have included 
wars involving settled as well as purely mobile 
populations. 

By “wars” I mean events in which coalitions 
of members of a group seek to inflict bodily harm 
on one or more members of another group. The 
term is not ideal for the ambushes, revenge mur- 
ders, and other kinds of hostilities likely to have 
occurred between ancestral groups of humans. 
Most hostile intergroup contact among hunter- 
gatherers was probably ongoing or intermittent, 
with occasional casualties, more akin to bound- 
ary conflicts among chimpanzees (/6) than to the 
pitched battles of modern warfare. 

Using these definitions and selection criteria, 
I studied all available archaeological and ethno- 
graphic sources that present (or are cited as 
presenting) relevant data. Of these 34 sources, 14 
were found to present data that were unrepre- 
sentative (for example, when warfare was pri- 
marily with modern agricultural populations), 
unreliable, or inadequate. In three cases, re- 
estimation of the critical information was possi- 
ble. Skeletal evidence from sites with fewer than 
10 individuals was also excluded. Possible biases 
in this data set are discussed below. The 8 ethno- 
graphic and 15 archaeological sources included 
yield similar results (Table 1), consistent with the 
view that prehistoric warfare was frequent and 
lethal, but somewhat less so than estimates based 
on data in the standard source for these estimates 
(6). The populations studied appear in Fig. 1. 
[Details and additional caveats concerning these 
and the data to follow appear in (/7).] 

Intergroup conflict and the evolution of 
social behaviors. Although both genetic and 
cultural transmission are probably involved in 
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the evolution of altruistic behaviors, I model 
only the former, not because it is more impor- 
tant but because it presents greater challenges. 
(I comment on extensions to cultural trans- 
mission below.) 

The primary behaviors thought to have been 
spread by war are what Darwin termed the “so- 
cial and moral qualities” and other forms of al- 
truism. This paradoxical role of war arises because, 
in the absence of within-group positive assortment, 
altruism will suffer adverse within-group selection. 
But it might be sustained by the between-group 
selection pressures that warfare introduces if 
altruists willingly fight on behalf of others in their 
group so that otherwise comparable groups with 
many altruists tend to prevail in intergroup con- 
tests. In game theoretic terms, defense or predation 
is a public good (participating is an m-person 
prisoner’s dilemma) in which those who participate 
confer benefits on their fellow group members at a 
cost to themselves. While I treat the case of the 
altruist as warrior as paradigmatic, willingness to 
take mortal risks as a fighter is not the only form of 
altruism that contributes to prevailing in intergroup 
contests; more altruistic and hence more coopera- 
tive groups may be more productive and sustain 
healthier, stronger, or more numerous members, for 
example, or make more effective use of information. 

The two key determinants of the effect of 
warfare on the evolution of social behaviors are 
the extent of genetic differences between the win- 
ners and losers of conflicts and the effect of the 
number of altruists in a group on group members’ 
average fitness. Warfare affects the second by 
making the presence of altruists in a group critical 
to the members’ survival (and hence their fitness). 
There are two ways in which the outcome of a 
conflict may affect the average fitness of its mem- 
bers. The first is that members of losing groups are 
more likely to perish, and those who die may 
either produce no offspring or leave children who 


Fig. 1. Sources of archaeological (filled squares) and ethnographic (filled dots) evidence on warfare and genetic (open dots) data on between-group 


differences. 
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suffer high mortality due to inadequate parental 
care. The second is that, as with chimpanzees (/8), 
weaker groups cede territory, thereby redistribut- 
ing fitness-relevant resources between the groups. 


I consider a large population made up of 
subpopulations that periodically engage in hos- 
tile contests and study an altruistic behavior that 
is costly to the individual and has no beneficial 


Table 2. Archaeological and ethnographic evidence on the fraction (5) of adult mortality due to warfare. 
“Before present” indicates before 2008. 


Archaeological evidence 


Site Approx. date Author (date) 5 
(years before present) 
British Columbia (30 sites) 5500-334 Cybulski (1994) 0.23 
Nubia (site 117) 14-12000 Wendoff (1968) 0.46 
Nubia (near site 117) 14—12000 Wendoff (1968) 0.03 
Vasiliv’ka Ill, Ukraine 11000 Telegin (1961) 0.21 
Volos’ke, Ukraine “Epipalaeolithic” Danilenko (1955) 0.22 
S. California (28 sites) 5500-628 Lambert (1997) 0.06 
Central California 3500-500 Moratto (1984) 0.05 
Sweden (Skateholm 1) 6100 Price (1985) 0.07 
Central California 2415-1773 Andrushko et al. (2005) 0.08 
Sarai Nahar Rai, N.India 3140-2854 Sharma (1973) 0.30 
Central California (2 sites) 2240-238 Jurmain (2001) 0.04 
Gobero, Niger 16,000—8200 Sereno et al. (2008) 0.00 
Calumnata, Algeria 8300-7300 Chamla et al. (1970) 0.04 
lle Teviec, France 6600 Newall et al. (1979) 0.12 
Bogebakken, Denmark 6300-5800 Newall et al. (1979) 0.12 
Ethnographic evidence 
Population, region Dates Author (date) 6 
Ache, Eastern Paraguay" Precontact (1970) Hill and Hurtado (1996) 0.30 
Hiwi, Venezuela-Colombia’ Precontact (1960) Hill et al. (2007) 0.17 
Murngin, NE Australia’t 1910-1930 Warner (1931) 0.21 
Ayoreo, Bolivia-Paraguay* 1920-1979 Bugos (1985) 0.15 
Tiwi, N. Australia’ 1893-1903 Pilling (1968) 0.10 
Modoc, N. California’ “Aboriginal times” Ray (1963) 0.13 
Casiguran Agta, Philippines” 1936-1950 Headland (1989) 0.05 
Anbara, N. Australia’t" 1940-1960 Hiatt (1965) 0.04 
*Foragers. tMaritime. $Seasonal forager-horticulturalists. §Sedentary hunter-gatherers. \IRecently settled. 
A B 
v (p;, V2) A 
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effects for group members other than increasing 
the group’s probability of prevailing in inter- 
group contests. Groups are sufficiently large that 
the increased probability of group success in con- 
flict that is associated with an additional altruistic 
member does not compensate the individual for 
the cost of the behavior in question. Thus, adopt- 
ing the altruistic behavior decreases the expected 
fitness of an individual (by comparison to an 
individual eschewing the behavior) while in- 
creasing the expected fitness of other group 
members (/9). For simplicity, I represent the 
altruistic behavior in question as the expression 
of a single allele and let individuals reproduce 
asexually; the model is readily extended to any 
form of vertical transmission, including cultural. 

Modeling warfare and conditions under which 
altruism may evolve. Following (/2), suppose 
that in every generation with probability «, a 
group is paired for a contest with another group 
and survives with probability 1, which is increas- 
ing in the fraction of altruists in the group. Groups 
are the same size (normalized to 1), except that 
groups that have won a contest are momentar- 
ily of size 2 (the other group is eliminated). The 
surviving group divides, forming two daughter 
groups of equal size. The size of group j in the 
next generation is thus 1, 2, or 0 with proba- 
bilities (1 — «), kA, and «(1 — A), respectively, so 
the expected size is wj = 1 — k + 2«A. The effect 
of the prevalence of altruists on the expected size 
of the group in the next generation is the like- 
lihood of a contest (1), times the effect on group 
size of surviving or not (2), times the effect of the 
prevalence of altruists on the probability of a group 
surviving should a contest occur (A), that is, «2.4. 

Let pj = 1 if individual i in group j is an al- 
truist, with p,, = 0 otherwise. Let p; be the fraction 


- Fgr=0.022 Pygmy 
. Fgy=0.075 Southern African 


~ Fgr=0.170 Native Siberian 


Fig. 2. (A) Contest success probabilities [A! (p;, p) =  (p;, ¥2)] for group j if half 
of the opposing group are altruists. The parameter 1 determines the slope of the 
function (Aq) at p; = 0.5. This success function differs from that of the Lanchester 
model (45) in which the group with more combatants wins with certainty and the 
rate of losses of the two groups per unit of time depends on the square of the 
number of fighters in each. The implied Lanchester model survival function in 
the figure would be a step function with the step at one-half, which would imply 
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much stronger effects of warfare on the evolution of social behavior (8). (B) Wartime 
mortality (5) and the effect of altruism on success in conflicts (1) sufficient for the 
proliferation of an altruistic trait with c = 0.03 for three estimates of the extent of 
genetic differentiation among groups (Fs7). Shown are the values of c* consistent 
with Eq. 6 for the estimated F values from (22) [see also (17)]. The representative 
values of 5 are from Table 2. Populations on the horizontal axis in italics are from 
the ethnographic sample; the rest are from the archaeological sample. 
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of group j’s membership that are altruists, p and 
p’ be the altruist-fraction of the metapopulation in 
a given and subsequent generation, respectively, 
and Ap = p'— p. Then, using the Price equation 
(20) and assuming a constant metapopulation 
size, the evolution of altruism (summarized by Ap) 
can be expressed as a between-group effect plus a 
within-group effect: 
Ap = var(p;)Ba + E{var(pi)}Bi (1) 
The terms var(p;) and E{var(p;)} are, respec- 
tively, the between-group and within-group 
genetic variance. (E{} indicates a size-weighted 
average over groups.) The coefficient Bg is the 
effect of variation in p; on the average fitness of 
members of group j (w;), which (see above) is 


Bg = dw;/dp; = Ka 


(2) 

The coefficient B; is the effect of variation in 
Pi, (namely, switching from a nonaltruist to an 
altruist) on the fitness of an individual in group 
Jj (wii): 

B; = dwj;/dp;; =So 5 K2A,/n (3) 
where ~c is the direct fitness effect of adopting 
the altruistic behavior and the second term is the 
indirect positive effect on the individual’s fitness 
that results from the group’s greater probability 
of prevailing in a contest. This indirect effect is 
(dw;/dp;))(dp;/dp;) and is derived using Eq. 2 
and dp\/dp; = 1/n, where n is group size 
(number of individuals in a single reproducing 
generation in the absence of reproductive skew, 
fluctuations in group size, and nonrandom 
migration). 

Wright’s inbreeding coefficient F's; is the 
ratio of between-group to total genetic variance 
[= var(p;)/(var(p;) + E{var(p;j)], so one can re- 
arrange Eq. | to give a condition for the prolif- 
eration of the altruistic trait (namely, Ap > 0): 

FgtA1— Fsr) > —Bi/Ba (4) 
which says that the extent of genetic differ- 
entiation among groups must be greater than 
the ratio of the costs of the altruistic behavior 
(the within-group selection pressure) to the ben- 
efits (the between-group selection pressures). 
Equation 4 is a multilevel selection analog to 
Hamilton’s rule for the proliferation of altruism 
by kin selection. 


With these results, the condition for an al- 
truistic allele to proliferate (Eq. 4) can be written as 
F7/( — Fz) > c/K2A4-1/n (5) 
Rearranging Eq. 5, I define the critical value 

c* as the maximum cost of the altruistic behavior 
consistent with its proliferating in the population: 
c* = «2A, {Fst/(1 — Fsr) + I/n} (6) 

To estimate c*, one needs to know how fre- 
quent and how lethal intergroup conflicts were. 
The richest source is the skeletal evidence studied 
by archaeologists. 

Archaeological evidence. As with all archae- 
ological data, it is difficult to establish if the sites 
that have been studied are representative of Late 
Pleistocene and early Holocene conditions. As 
these sites involve burials, they are almost cer- 
tainly not representative in one respect: Simple 
disposal of the dead (rather than burial) appears 
to be typical of the archetypal so-called immediate 
return foraging group (2/). There may be more 
than accidental bias in the burials studied for 
signs of violence, given that evidence of violent 
deaths may be deemed more interesting or worthy 
of publication than the absence of such evidence. 
Evidence on given individuals is also incomplete, 
leading to the opposite bias. Most skeletal remains 
are never found, and those that are range from 
intact to fragmentary or poorly preserved, often 
consisting of just a few of the 100 or so bones in 
an adult human (excluding the small bones of the 
hands and feet). The remains of 2185 prehistoric 
people from Californian sites are accessible to 
researchers in a museum collection that totals only 
12,044 bones (excluding hands and feet); more 
than 90% of the individuals’ bones are absent (22). 

Moreover, although some osteological evi- 
dence is indicative of ongoing intergroup violence 
(simultaneous burials, severed limbs, and other 
evidence of trophy taking, for example), one can- 
not always distinguish between deaths due to 
intergroup violence and that occurring within 
groups. Other biases may lead to underestimates. 
Many deaths in warfare do not leave projectile 
points embedded in bone or other traces of 
violent death: “an analysis that included only 
projectile points embedded in bone would miss 
over half of the projectiles...and 75 percent of 
what was in all probability the actual number of 
projectile wounds” (23). Studies of arrow wounds 
treated by U.S. Army surgeons during the Indian 


Fig. 3. Data sources in Arnhem 
Land, Australia, for ethnographic 
evidence on warfare (filled dots) 
and genetic differentiation (open 
dots). [Source: Table 2 and (34)] 
The maximum distance between 
pairs of groups shown is about 
600 km. 


Wars found that fewer than a third of the arrows 
struck bone (24) and that 61% of fatal arrow wounds 
were to the abdomen (25). Finally, fatalities 
during combat may fall far short of the total 
effect of warfare when account is taken of the 
mortality and reduced reproductive success occa- 
sioned by the displacement of the surviving losers. 
Table 2 gives the resulting estimates. 
Ethnographic evidence. Most ethnographic 
studies of premodern war have concerned pop- 
ulations whose unusually bellicose relations 
among groups may not reflect conditions of Late 
Pleistocene hunter-gatherers: horticultural peoples 
in the highlands of Papua New Guinea and parts 
of lowland South America, or equestrian hunters 
or sedentary horticulturalists in North America. 
Among nonequestrian foragers, detailed accounts 
provide examples of intergroup conflict of excep- 
tional brutality among Aboriginal Australians, 
Eskimos, and other groups (3, 26, 27), but most 
do not allow quantitative estimates of the resulting 
mortality. In other groups, war is entirely absent 
from the ethnographic record, but in some of these 
cases, like the !Kung and other Southern African 
groups, this absence may be the result of recent 
state interventions (28, 29). For eight populations, 
ethnographic studies allow estimates of the deaths 
due to warfare as a fraction of total mortality (sum- 
marized in Table 2). As in the case of archae- 
ological studies, selection bias may lead to an 
exaggeration of the extent of warfare mortality. 
Moreover, some populations are not entirely rep- 
resentative of foragers during the Late Pleistocene 
due to the impact of non—hunter-gatherer influences. 
Calibrating the model with hunter-gatherer 
data. To estimate c*—the maximal direct indi- 
vidual cost of a group-beneficial behavior that 
could have proliferated—I translate our estimated 
per-generation mortality rates into an equivalent 
frequency of decisive conflicts in which the entire 
territory of a group is taken by the winners, and 
the losing population is eliminated. This allows 
me to treat the territorial losses and mortality in a 
consistent way, and to maintain a constant group 
size, greatly simplifying the analysis. The data 
on mortality provide an estimate of «, the per- 
generation probability of such a a decisive conflict. 


Table 3. Largest cost (c*) for an altruistic trait to 
proliferate given estimates of genetic differentiation 
and mortality in intergroup hostilities (5) among 
three Arnhem Land, Australian hunter-gatherer pop- 
ulations. The entries are given by Eq. 6, where k = 
28. Genetic differentiation (F,¢ = 0.040) is among 
seven groups [including Tiwi and Murngin (see Fig. 
3)] and is from (34) [see also (17)]; 5 is from Table 2; 
Aq = 2; n = 26, the size of a single generation in a 
coalition of three groups of the census size con- 
sidered to be typical of nonequestrian, non-Arctic 
foragers during the Late Pleistocene (44). 


Murngin Tiwi Anbara 

6=0.207 6=0.100 6=0.045 
n= 26 0.133 0.064 0.029 
n=00 0.069 0.033 0.015 
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Mortality results when a group loses a conflict, 
occurring with probability «(1 — 4). If war does 
not occur or if the group engages in war but 
prevails, then all deaths are from other causes, so 
«(1 —A) is estimated by 4, the fraction of mortality 
due to war. Averaging across groups, A = '; so 
6 = ‘Ax, giving k = 26. 

We need two additional pieces of informa- 
tion: the effect of additional altruists on the prob- 
ability of group survival (A) and the extent of 
genetic differentiation among groups (Fst). There 
is no way to estimate A empirically for hunter- 
gatherers, and it may vary depending on the 
degree of imbalance between the warring groups, 
the available weapons, and the nature of the con- 
flict (ambush, pitched battle) and the terrain (open 
plains, mountain pass). The intuitive meaning of 
alternative functions is illustrated in Fig. 2A. For 
the contest success functions illustrated, the assump- 
tion that the success function is approximately linear 
(Aq is a constant) works as long as the groups are 
not very imbalanced. Because I use a probabilistic 
(rather than deterministic) function, even groups 
with substantial fractions of altruists on average 
suffer significant mortality. For example, if the 
difference between two groups in the fraction of 
altruists is 10% and A, = 2, then should a conflict 
occur, the expected mortality of the group with 
fewer altruists is just 1.50 times the mortality in 
the more altruistic group (/7). (For the mortality in 
the less altruistic group to be double that of the 
more altruistic group, 44 = 3.3 would be required.) 
Even with very frequent conflicts, e.g., « = 0.2 (and 
Xa = 2), the difference in the expected size (next 
generation) of these two groups is only 0.04. 

Available estimates of Fsy for hunter-gatherer 
populations measure the extent of genetic differ- 
entiation both among subpopulations in a given 
ethno-linguistic group (e.g., among the !Kung in 
Botswana) and among subpopulations in more 
than one ethno-linguistic group (e.g., among 18 
ethnic groups in Southern Africa). Because pre- 
historic warfare probably was most common on 
the boundaries of an expanding ethno-linguistic 
unit, the latter measure may be the more appro- 
priate one for this study. Excluding those popula- 
tions that currently live at such a distance from 
another that it is unlikely that they interacted in 
the distant past and those that are not at least some- 
what reproductively isolated from non—hunter- 
gatherer populations, there is a total of 18 estimates 
among hunter-gatherer groups (/7). The mean 
Fz of the 18 estimates is 0.074, whereas that for 
the 15 estimates between ethno-linguistic groups 
is 0.078. The median for both sets is 0.075. Dif- 
ferences in the genetic material and statistical 
methods on which these estimates are based make 
direct comparisons difficult [the Pygmy and Amhem 
Land estimates are based on microsatellite data 
and as a result are likely to be underestimates 
(30, 31)]. In the illustrative calculations below, 
I use the median and range of the estimates for 
between-ethno-linguistic group differentiation. 

Results. I can now answer the question with 
which I began: What is the maximum cost of 


altruism (c*) such that the group benefits would 
offset the within-group selection pressures against 
the altruists? To decide whether the resulting 
values of c* are “large” or “small,” note that c* = 
0.03, for example, is a quite substantial cost, one 
that in the absence of intergroup competition would 
lead the fraction of altruists in a group to fall from 
0.9 to 0.1 in just 150 generations. An illustration 
more directly related to the question of warfare is 
the following. Suppose that in every generation, a 
group is engaged in a war with probability « =26 
and that an altruistic “warrior” will die with cer- 
tainty in a lost war and with probability 0.20 in a 
war in which the group prevails, while nonaltruistic 
members also die with certainty in lost wars but 
do not die in won wars. (These mortality assump- 
tions are extremely unfavorable for the altruists.) 
Assuming the altruists have no reproductive advan- 
tages during peacetime, then c = 0.26, or (using 
the mean estimate of 6 from Table 1) c = 0.028. 

To study the evolutionary consequences of war- 
fare under Pleistocene conditions using recent data, 
one would ideally use estimates of both genetic 
differentiation and wartime mortality from hunter- 
gatherer populations living in close proximity with 
one another but having little contact with farmers or 
herders. Such groups exist in Arnhem Land, Aus- 
tralia, the continent thought by many to be the best 
laboratory of likely Late Pleistocene and early Holo- 
cene conditions among foragers (32). Depictions of 
warriors and battles in the rock art of Amhem Land 
populations date from as early as 10,000 years ago 
(33). The availability of archaeological, ethno- 
graphic, and genetic data for this region makes it a 
remarkable laboratory for this investigation (Fig. 3). 

Table 3 presents data on the extent of wartime 
mortality in three nearby groups of foragers—the 
Anbara, Murngin, and Tiwi—along with estimates 
of genetic differentiation among seven Aboriginal 
groups (including the Tiwi and Murngin) in that 
relatively small area (34). The estimates of c* for 
these populations (assuming 4.4 = 2) make it clear 
that if groups were as differentiated as these 
populations and as warlike as the Murngin, 
between-group competition could overcome very 
strong within-group selection against altruistic 
behavior. Even for groups similar to the more 
peaceful Anbara, quite costly forms of altruism 
could proliferate by this mechanism (c* = 0.029). 
The second line in the table gives the values of c* 
for very large (strictly infinite) groups, that is, 
ignoring the term 1/n in Eq. 6 and thus eliminat- 
ing the direct benefit accruing to the altruist. 

To explore the importance of variations in A, 
Fig. 2B uses the extreme Fgy values for differen- 
tiation between ethno-linguistic groups (Native 
Siberian and Pygmy) and the median of these 
values (South African) to show the combinations 
values of A, and 6 such that the between-group 
selection would offset a c* = 0.03. Figure 2B 
indicates that for plausible values of the effect of 
altruistic behaviors on a group’s chances of pre- 
vailing in contests (A), the levels of warfare mor- 
tality observed in many populations would offset 
substantial costs of altruism. 
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Discussion. The mortality data summarized in 
Table 1 are consistent with what is known about 
the Late Pleistocene from more indirect data. 
Frequent lethal intergroup encounters may rec- 
oncile two otherwise anomalous facts about hunter- 
gatherer demographics. Human population grew 
extraordinarily slowly or not at all for the 100,000 
years prior to 20,000 years before the present 
(35, 36), yet under peaceful conditions foraging 
populations are capable of growth rates exceed- 
ing 2% per annum (37, 38). 

Further, the extraordinary volatility of climate 
during the Late Pleistocene (39) must have resulted 
in natural disasters and periodic resource scarcities, 
known strong predictors of intergroup conflict 
among hunter-gatherers in the historical record 
(40), and undoubtedly forced long-distance migra- 
tions and occasioned frequent encounters between 
groups having no established political relations. 
The mortality data from Southern California (23) 
and Nubia (47) are consistent with this hypothesis. 

The evidence that intergroup conflict may 
have contributed significantly to the proliferation 
of a genetic predisposition to behave altruistically 
does not mean that it did, or that the mechanism I 
have described explains the evolution of human 
altruism. The model applies with even greater 
force to behaviors transmitted culturally rather 
than genetically, in part because between-group 
differentiation is considerably greater and hence 
the evolutionary impact of differential group suc- 
cess in contests is stronger. 

One cannot say with certainty which of these 
data should be the basis for our conclusions con- 
cerning the evolutionary impact of lethal inter- 
group competition during the Late Pleistocene 
and early Holocene. Even though periods of cli- 
matic volatility would bring even quite distant 
groups into contact during migrations, the far- 
flung settlements of the circumpolar regions, 
desert Southern Africa, and Western Australia 
would be far less likely to be in contact—either 
conflictual or beneficial—than groups living in 
closer proximity such as those in coastal Amhem 
Land and lowland New Guinea. Moreover, the 
more populated coastal and riverine areas con- 
tributed disproportionately to the gene pool of 
subsequent generations. But taking all of the 
evidence into account, it seems likely that, for 
many groups and for substantial periods of human 
prehistory, lethal group conflict may have been 
frequent enough to support the proliferation of 
quite costly forms of altruism. 

This might help explain why altruism often 
does not extend across group boundaries, and 
how this kind of “parochial altruism” may have 
evolved in humans (/3) and perhaps even other 
animals. Because humans are far from unique in 
the extent of lethal intergroup conflicts (42) and 
because genetic differentiation among popula- 
tions of some other “warlike” animals may not be 
very different from that among humans (43), there 
remains the as-yet unexplored possibility that a 
similar evolutionary dynamic may occur in other 
animals. 
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Late Pleistocene Demography and 
the Appearance of Modern 


Human Behavior 


Adam Powell,”’? Stephen Shennan,”? Mark G. Thomas*?* 


The origins of modern human behavior are marked by increased symbolic and technological 
complexity in the archaeological record. In western Eurasia this transition, the Upper Paleolithic, 
occurred about 45,000 years ago, but many of its features appear transiently in southern Africa 
about 45,000 years earlier. We show that demography is a major determinant in the maintenance 
of cultural complexity and that variation in regional subpopulation density and/or migratory 
activity results in spatial structuring of cultural skill accumulation. Genetic estimates of regional 
population size over time show that densities in early Upper Paleolithic Europe were similar to 
those in sub-Saharan Africa when modern behavior first appeared. Demographic factors can thus 
explain geographic variation in the timing of the first appearance of modern behavior without 


invoking increased cognitive capacity. 


he Upper Paleolithic (UP) transition, 

which occurred in Europe and western 

Asia about 45 thousand years ago (ka) 
(, 2), and later in southern and eastern Asia 
(3, 4), Australia (5, 6), and Africa (7), is seen 
by many as marking the origins of modern hu- 
man behavior. UP material culture, usually 
referred to as the Late Stone Age (LSA) in 
Africa, is characterized by a substantial increase 
in technological and cultural complexity, includ- 


ing the first consistent presence of symbolic be- 
havior, such as abstract and realistic art and body 
decoration (e.g., threaded shell beads, teeth, ivory, 
ostrich egg shells, ochre, and tattoo kits); system- 
atically produced microlithic stone tools (espe- 
cially blades and burins); functional and ritual 
bone, antler, and ivory artifacts; grinding and 
pounding stone tools; improved hunting and trap- 
ping technology (e.g., spear throwers, bows, boo- 
merangs, and nets); an increase in the long-distance 


transfer of raw materials; and musical instruments, 
in the form of bone pipes (/, 2, 5, 7-9). 

In Europe and western Asia, the UP transition 
happened relatively rapidly, with most of the 
characteristic features listed above appearing (the 
“full package’’), and is thought to coincide with 
the appearance of anatomically modern humans 
(AMH) in a region previously occupied by 
Neandertals (/0). In southern Siberia and north- 
east Asia, microlithic technology appears be- 
tween 43 and 27 ka (//), but a fuller UP package 
is not evident until ~22 ka (/2). The evidence 
from south and southeast Asia and Australia also 
points to a more gradual accumulation of modern 
behavioral traits (ornamentation, use of ochre, 
and possibly rock art) (3—6). These are thought to 
first appear soon after the initial expansions of 
AMH into the regions but only become wide- 
spread later on, ~30 ka (4) and ~20 ka, if not later 
(5), in south Asia and Australia, respectively. In 
Africa, the idea of a single transition has been 
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contested (9) because there is strong evidence for 
the sporadic appearance of many markers of mod- 
ern behavior at multiple sites as early as 70 to 90 ka 
(2, 9, 13), and possibly as far back as 160 ka (/4). 
The African Middle Stone Age (MSA) sites of 
Katanda, Democratic Republic of Congo (~90 ka) 
(9); Klasies River mouth (Howieson’s Poort and 
Still Bay industries), South Africa (~65 to 70 ka) 
(9, 15); and, in particular, Blombos Cave, South 
Africa (~75 ka) (0, 13) present a striking array 
of modern traits, including the earliest evidence 
of abstract art (8, 13), as well as geometric blades, 
barbed bone harpoon points (9), bone awls, and 
marine shell personal ornaments (/0). However, 
these markers are intermittent and disappear be- 
tween ~75 and 60 ka before making a more stable 
and widespread reappearance in the LSA start- 
ing ~40 ka (7, 10, 13). 

Notwithstanding the oversimplifications made 
in the above outline, any adequate account of the 
emergence of modern behavior would need to ex- 
plain not only the transition itself but also its 


150 
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Fig. 1. Mean z values in the final (100th) generation, 
averaged over 100 iterations, for a range of values of 
skill complexity o and subpopulation density D. 


— Dhigh = 0.02 
— Diow = 0.002 


Regional mean skill level (2) 


Number of generations 


Fig. 2. Regional mean z values (averaged over 100 
iterations) over 100 generations in a heterogeneous 
subpopulation density world. The 95% confidence 
intervals for each region are given as dotted lines. 


heterogeneous spatial and temporal structuring (2) 
and earlier transient appearance in sub-Saharan 
Africa (9, 10, 13). It is now widely accepted that 
AMH evolved in Africa ~160 to 200 ka (9, 16-18) 
and expanded into most habitable parts of the Old 
World between 90 and 40 ka (19-21). If} as some 
have suggested (22-24), the main cause of be- 
havioral modemity is heritable biological change 
Just before the UP/LSA, then any such mutation(s) 
would have had to rise to substantial frequencies 
after human populations had dispersed out of Africa; 
implying either their rapid spread around the world 
in the past 45,000 years or, potentially, geographic 
structuring of cognitive capacity. Furthermore, it is 
difficult to account for the southern African evi- 
dence with a late, biologically determined cognitive 
advance. Many authors have argued that AMH 
(1, 9, 10, 17, 20), and possibly even Neandertals 
(8, 10), possessed the requisite capacities long 
before the UP/LSA. This raises the further ques- 
tion of why there was a delay of some 100,000 years 
between anatomical modemity and perceived be- 
havioral modemity (7, 17). A number of mecha- 
nisms triggering the expression of modern behavior 
have been proposed, many of which invoke demo- 


REPORTS 


graphic change as a causal factor. These include 
expansion into new environments necessitating the 
invention of new technologies (25), increased 
subpopulation density escalating intergroup resource 
competition (7, 25) or social organization (/), in- 
creased intergroup interaction requiring various cul- 
tural signaling mechanisms (6, 25, 26), and increased 
stimulus for exoteric language (23, 27, 28). Two 
recent cultural evolutionary models (29, 30), which 
explicitly demonstrate the positive effect of increas- 
ing population size on the accumulation of beneficial 
culturally inherited skills, have been proposed as an 
integral explanatory component of the appearance of 
modern behavior [see also (/7)]. Here, we adapt and 
extend Henrich’s transmission model (30) into a 
more realistic structured metapopulation, which 
reflects plausible late Pleistocene conditions, to 
investigate the effects of demographic factors on 
the accumulation (or loss) of cultural complexity. 

Henrich’s model (30) demonstrates that under 
certain critical conditions, directly biased transmission 
can lead to cumulative adaptation of a culturally in- 
herited skill, even when the transmission process is 
inaccurate. Each individual in a population of size V 
has az value, z;, that measures their level of ability at 
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Fig. 3. An illustration, from a single iteration and shown at 25-generation intervals, of the spatial 
structuring of skill accumulation in a heterogeneous subpopulation density world. The left side of each 
subplot is populated at density Dyigh (0.02) and the right side at density D,,.y, (0.002). Each subpopulation 
is marked by a circle, centered on the spatial location of the group and with diameter proportional to its 
mean z value. Regional mean z values are also given at the top of each subplot. 
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some cultural skill or in some cultural domain. 
Members of this population attempt to learn from 
the maximally skilled individual (i.e., direct bias), 
but an imperfect learning process leads on average 
to a loss of skill (a reduction in z value), determined 
by the parameter a. However, individual errors or 
“Gnaccurate inferences” during transmission (the 
extent of which are governed by a parameter f) 
occasionally allow some learners to acquire a z 
value greater than that of their model. Henrich 
shows that as population size, N, increases, the 
more likely it is that the positive combined effect of 
these occasional inaccurate inferences and the 
selective choice of cultural model to copy will out- 
weigh the degrading effect of low-fidelity transmis- 
sion. This results in an increase in the mean level of 
skill in the population, z. He terms this “cumulative 
adaptive evolution” and derives the critical popula- 
tion size necessary, N*, for this to occur for 
specific ratios of a and B (30, 3/). 

We introduce a stochastic transmission model 
analogous to the one presented by Henrich that 
incorporates both vertical and skill-level dependent 
oblique learning processes. We place individuals in 
G subpopulations, each of size N, in a simulated 
world at density D. These subpopulations are 
connected by Gaussian random-walk migratory 
activity, with standard deviation Mgp, such that the 
mean global migration rate approximates the 
subpopulation density D (3/). Where possible, we 
use parameter values from ethnographic and 
comparative behavioral studies that approximate 
presumed late Pleistocene demography (3/). We 
initialize simulations by giving all adults in all 
subpopulations a z value of 10.0 and run forward for 
100 generations. The mean level of cultural skill 
accumulation, Z, is measured by averaging z values 
across all individuals in all subpopulations. If the 
mean z value in the final generation is greater than 
10.0 (i.e., AZ > 0), then the result was deemed 
“cumulatively adaptive.” To account for stochastic 
variation in simulation outcomes, we performed 
100 iterations and averaged the results across these. 

We first explored the effects of varying the num- 
ber of subpopulations in our simulated world, G, on 
the mean level of cultural skill accumulated, z. For 
values of G > ~50, theZ value did not increase much 
further across the entire range of subpopulation den- 
sities D and skill complexities o (fig. S1). Figure 1 
illustrates that the degree of skill accumulation in- 
creased with increasing subpopulation density and 
decreasing skill complexity. These results indicate 
that the accumulation, or maintenance, of culturally 
inherited skill is not dependent on the absolute meta- 
population size, but rather on the degree of interaction 
of the constituent subpopulations, given population 
substructure and that G > ~50. However, when G < 
~50, skill accumulation will, to an extent, be depen- 
dent on G, and thus the size of the metapopulation. 
This result may have some bearing on debate concem- 
ing the erosion of cultural complexity in Holocene 
Tasmania (30, 32, 33). As a conservative measure, we 
fixed G at 100 in all subsequent simulations. 

A key feature of the UP is the geographic het- 
erogeneity in apparent onset times, despite different 


regions being mutually accessible with modest mi- 
gration activity. To investigate whether skill accu- 
mulation can be spatially structured as a result of 
different subpopulation densities, we partitioned our 
simulated world into two regions differing in density 
by an order of magnitude, Dpigh and Diow. We re- 
tained Msp at 1.0, but as a proportion of the mean 
nearest neighbor distance, 7, in the lower density 
region (3/). This ensured that sufficient subpopu- 
lations were connected by migratory activity— 
including across the partition—for the migration 
rate to approximate the density in each region. We 
set Dpign = 0.02 and Dow = 0.002 and simulated a 
range of o values (2.0 to 4.0). For all o values, we 
found that skill accumulation is consistently high- 
er in the Dyign region even though the two regions 
were contiguous. As an example, when we fixed a = 
3.0, this difference in mean regional z values, aver- 
aged over 100 iterations, was maintained over 
the entire duration of the simulation (Fig. 2). 
Figure 3 and movie S1 provide an illustration 
from a single iteration of the spatial structuring of 
skill accumulation. 

We would also expect heterogeneity in migra- 
tory range during the late Pleistocene due to, for 
example, differing terrains, vegetation, or subsistence 
strategies (4). To investigate whether this could result 
in spatial structuring of skill accumulation, we pop- 
ulated the simulated world at a constant subpop- 
ulation density D = 0.01 and partitioned it into two 
regions with differing Mgp values (31); Mgpnien = 
1.0 and Mspjow = 0.1, allowing migratory activity 
across the partition. Similarly to the heterogeneous 
density world, we find that skill accumulation was 
consistently higher in the well-connected Mgp nich 
region across all o values simulated (2.0 to 4.0). An 
example, with D = 0.01 and o = 2.9, is given in fig. 
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S2, with mean regional z values averaged over 100 
iterations. Fig. S3 and movie S2 provide a spatial 
illustration from a single iteration. 

From the above results, it is clear that migratory 
activity among a set of subpopulations can have the 
same effect on skill accumulation as increasing the 
size of a single population (30). This is because it 
increases the within-group variance in skill levels, 
z;, which feeds the selective directly biased trans- 
mission process and offsets the eroding effect of 
low-fidelity transmission. We therefore sought to 
quantify the effect of increasing migration activity 
in terms of the effective number of adult indi- 
viduals available as transmission models within 
each subpopulation. To achieve this, we inverted 
the previous simulation process; for given values 
of a and D, we simulated widely over N to find 
the minimum number of adults, Nnin, needed in 
each subpopulation for adaptive cumulative evolu- 
tion to occur (Fig. 4). We repeated this process for 
the same range of a, but with no migratory process 
operating, to obtain the minimum number of adults 
required for skill accumulation in an isolated sub- 
population, No, for each value of a (Fig. 4) [this is 
directly equivalent to Henrich’s analytical result (30) 
but uses the extended transmission process pre- 
sented in our study]. We then calculated the effective 
increase in N due to migratory activity by finding 
the difference between the Minin We expect for given 
values of o and D, and the No we expect for the 
same value of a. As can be seen from Fig. 4, not 
only does increasing migratory activity have the 
same effect as increasing the size of an isolated 
population (30), but also this effect is greater for 
higher skill complexities, o. 

Our simulation results demonstrate that the 
influence of demography on cultural transmission 


Fig. 4. The effective increase in adult subpopulation size due to migratory activity. (A) The minimum 
number of adults required for adaptive cumulative evolution to occur, Nmin, for a range of values for 
subpopulation density D and skill complexity a. (B) The minimum number of adults needed in a single 
isolated population No for the same range of o. values. (C) The effective increase in adult subpopulation 
size N due to migratory activity for this range of D and a, calculated by subtracting surface (A) from curve 
(B) extended along the D axis. The axes of (C) have been rotated for display purposes. 
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processes provides a mechanism to explain three 
key features of the emergence of modem behavior 
in the archaeological record: the early appearance, 
and subsequent disappearance, of many modern 
traits in Southern Africa 90 to 70 ka; geographical 
heterogeneity in the timing of the UP outside Africa; 
and the delay between the emergence of AMH as a 
species and the material expression of modern be- 
havioral traits. If, as proposed here, demographic 
factors are fundamental in shaping the evolution of 
human behavior, then well-supported estimates of 
late Pleistocene regional population densities will be 
crucial to understanding the UP/LSA. Recent esti- 
mates of population size changes in the late 
Pleistocene—based on a Bayesian coalescent infer- 
ence method with a global data set of coding-region 
mitochondrial DNA (mtDNA) sequences (34)— 
permit some comparisons of relative effective pop- 
ulation densities in different regions of the world and 
at different times. 

By setting the UP transition in Europe at 45 ka 
(/, 2), we can infer the critical effective population 
size, and therefore density, necessary for the accu- 
mulation of markers of modern behavior. Although 
this transition is closely associated with the initial 
colonization by AMH, the rapid rise in skill levels 
under favorable demographic conditions that we 
observe in our simulations indicates that cultural 
intensification would be largely insensitive to the 
time since first occupation. We assume that the 
habitable area of Europe would not have included 
most of Scandinavia, resulting in an estimated area 
of 8.883 million km”. The median effective pop- 
ulation size estimate in Europe at ~45 ka is 2905 
[with 95% highest posterior density interval of 
280.4 to 15,933.9], giving an effective population 
density of ~3.2714 x 10 “km *. The time at which 
this density would have been reached in sub-Saharan 
Africa (estimated area ~24.270 million km”) is 
~101 ka. Although this is a relatively crude date 
estimate, and ignores the importance of the likely 
large heterogeneity in population densities at the 
local level, it does correspond well with the first 
appearance of modern behavioral traits in the region 
(9, 13). Furthermore, applying this estimation 
method to the Middle East and North Africa region 
(estimated area ~13.588 million km?) gives a date 
of ~40 ka at which the critical density is reached, 
relatively consistent with the first evidence of modern 
behavior in the Levant and northeast Africa (2, 7). 

In southern Asia, our predicted time for the UP 
transition (~52 ka) considerably predates the first 
archaeological evidence for modern behavior at ~30 
ka (3). Similarly, the date estimate for northern and 
central Asia (~40 ka) predates that of the first full 
UP site found at ~22 ka (/2). One possible ex- 
planation lies in the choice of the regions used in the 
analysis presented by Atkinson et al. (34). An im- 
portant assumption of the ancestral population size 
estimation method used is that samples are taken 
from unstructured (i.e., randomly mating) popula- 
tions. Although multiple loci clustering analysis 
(35, 36) broadly supports this assumption for 
most of the other regions, it clearly does not for 
either the southem Asian or the north and central 
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Asian geographic regions (34). Performing Bayes- 
ian coalescent inference (34) on such structured data 
sets is likely to have resulted in an overestimation of 
the effective population size and the time at which 
population expansion took place. In addition, co- 
alescence date estimates for major mtDNA haplo- 
groups in southern Asia have been interpreted as 
reflecting an initial phase of population growth 
somewhat later (37). A second possible explanation 
for this anomalous result is that, although population 
density may have been sufficiently high for be- 
haviorally modern traits to otherwise accumulate, 
the migratory range may have been insufficient to 
allow wide-scale interaction between subpopula- 
tions. This may have been the case in southern Asia 
during the later Pleistocene (4). 

Although the inferred population densities 
(34) could account for the early appearance of 
behaviorally modern traits in sub-Saharan Africa 
and the Middle East—given our demographic 
model of cultural skill accumulation—they can- 
not explain the subsequent absence of these 
features between 70 and ~40 ka because no 
population size reduction during this period 
is inferred [see figure 1 in (34)]. However, the 
method of coalescent inference used (Bayesian 
skyline analysis) may be unable to accurately 
reconstruct more complex demographic histories 
when using sequences sampled from a single 
locus (38), so repeated bottlenecks and/or ex- 
pansions, which would have an important bear- 
ing on the accumulation of culturally inherited 
skills (77), may not be recaptured. Paleoclimatic 
data does indicate worsening conditions during 
oxygen isotope stage 4 (~75 to 60 ka) (2/)}— 
possibly leading to population decline, fragmen- 
tation, and range contractions—during this peri- 
od (20, 21). Lahr and Foley (20) suggest that 
continent-wide secondary population bottlenecks 
may have occurred ~70 ka, and there is some 
evidence that the sites of the South African 
Howieson’s Poort industries became effectively 
depopulated by ~60 ka (/5, 20). 

We would expect a degree of positive feed- 
back on population density after the accumu- 
lation of culturally inherited skills; the development 
of more advanced technologies, and possibly social 
organization, would likely lead to population 
growth. Furthermore, we would expect to see more 
artifactual evidence of behavioral modernity in 
higher population density contexts through 
increased deposition. Although the model we have 
presented does not accommodate these processes or 
explain the necessary cognitive developments that 
make possible the invention or improvement of 
complex behavioral traits, it does provide a 
demographic mechanism for limiting the degree to 
which early human populations would have 
accumulated these culturally inherited skills over 
time. Our model provides a plausible explanation 
for the spatial and temporal structuring of the 
markers of modern behavior in the paleoanthropo- 
logical record, even if all AMH had the requisite 
biologically determined cognitive capacities from 
the time of origin some 160 to 200 ka. 
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Pd-Pt Bimetallic Nanodendrites with 
High Activity for Oxygen Reduction 


Byungkwon Lim,* Majiong Jiang,” Pedro H. C. Camargo,* Eun Chul Cho,* 
Jing Tao,? Xianmao Lu,? Yimei Zhu,? Younan Xia?* 


Controlling the morphology of Pt nanostructures can provide a great opportunity to improve their 
catalytic properties and increase their activity on a mass basis. We synthesized Pd-Pt bimetallic 
nanodendrites consisting of a dense array of Pt branches on a Pd core by reducing K2PtCl, with 
L-ascorbic acid in the presence of uniform Pd nanocrystal seeds in an aqueous solution. The Pt 
branches supported on faceted Pd nanocrystals exhibited relatively large surface areas and 
particularly active facets toward the oxygen reduction reaction (ORR), the rate-determining step 
in a proton-exchange membrane fuel cell. The Pd-Pt nanodendrites were two and a half times 
more active on the basis of equivalent Pt mass for the ORR than the state-of-the-art Pt/C catalyst 
and five times more active than the first-generation supportless Pt-black catalyst. 


particles that combine both high surface area 
and the desired highly active facets on their 
surfaces because Pt nanoparticles of <5 nm in 
size tend to exist as truncated octahedrons cov- 


to facilitate both hydrogen oxidation and 

oxygen reduction in a proton-exchange 
membrane (PEM) fuel cell (/—-4), but several 
critical issues still need to be addressed before 
such cells can be commercialized for automo- 
tive applications: For example, the oxygen re- 
duction reaction (ORR) is kinetically limited at 
the cathode (5—8), and the scale of the Pt crys- 
tallites leads to high costs for Pt-based electro- 
catalysts with sufficient surface area and activity 
(9). In order to overcome these barriers, it is 
necessary to maximize the activity of a Pt-based 
catalyst by engineering its morphology and/or 
composition. 

During the last decade, a number of strat- 
egies have been proposed for improving the 
performance of an electrocatalyst for the ORR 
that involved alloying Pt with other transition 
metals at high temperatures (800 to 1000°C) 
(10, 11) or depositing a monolayer of Pt elec- 
trochemically onto fine particles of other metals 
immobilized on an electrode (/2). Although 
these bimetallic catalysts have shown great im- 
provements in activity, the lack of procedures 
for controlled large-scale synthesis has limited 
their use in commercial devices. In addition, the 
structural complexities of these systems have 
also made it difficult to decipher underlying 
mechanisms. For these reasons, the most com- 
monly used electrocatalysts for the ORR are 
still based on fine particles of Pt supported on 
porous carbon materials (Pt/C). The catalytic 
activity of Pt nanoparticles can be drastically 
enhanced by maximizing the expression of 
certain facets that are intrinsically more active 
toward a specific reaction (/3—/6). However, 
it is rather difficult to synthesize Pt nano- 


Pes (Pt) is the most effective catalyst 


ered by a mix of {100} and {111} facets in an 
effort to minimize the total interfacial free en- 
ergy (16, 17). 

Most recently, seeded growth has emerged 
for precisely controlling the morphology and 
composition of metallic nanostructures that are 
prepared using solution-phase methods (/8—20). 
This technique has also enabled the prepara- 
tion of bimetallic nanostructures with an uncon- 
ventional morphology that cannot be achieved 
otherwise (20). Here we describe a facile, aqueous- 
phase route to synthesize bimetallic nanoden- 
drites consisting of a dense array of Pt branches 
on a core of palladium (Pd) nanocrystal (NC). In 
this approach, truncated octahedral NCs of Pd 
with an average size of 9 nm were used as seeds 
so as to direct the dendritic growth of Pt upon 
the reduction of K,PtCl, by L-ascorbic acid in 
an aqueous solution. Using this simple approach, 
we routinely produced Pd-Pt bimetallic nano- 
dendrites with high surface areas and the par- 
ticularly active facets for the ORR in high yields. 
These Pd-Pt nanodendrites displayed substan- 
tially enhanced ORR activity as compared with 
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Fig. 1. (A) TEM image of truncated octahedral Pd NCs synthesized by reducing NazPdCl, with L-ascorbic 
acid in an aqueous solution. The inset shows a geometrical model of the truncated octahedron, 
where the green and yellow colors denote the {100} and {111} facets, respectively. (B) HRTEM 
image of a single truncated octahedron of Pd recorded along the [011] zone axis and the cor- 
responding FT pattern (inset). (C) TEM image of Pd-Pt nanodendrites synthesized by reducing 
K2PtCl, with L-ascorbic acid in the presence of truncated octahedral Pd NC seeds in an aqueous 
solution. (D) HAADF-STEM image of Pd-Pt nanodendrites. 


5 JUNE 2009 VOL 324 SCIENCE www.sciencemag.org 


that of commercial Pt/C and Pt-black catalysts. 
This synthesis also provides a convenient and 
environmentally benign route to large-scale pro- 
duction because it does not require high tem- 
perature, organic solvent, or electrochemical 
deposition. 

In the first step, we synthesized uniform, 
truncated octahedral NCs of Pd by reducing 
NazPdCl, with L-ascorbic acid in an aqueous 
solution (2/). A transmission electron micros- 
copy (TEM) image of the as-prepared Pd NCs 
is shown in Fig. 1A. The NCs were nearly 100% 
in truncated octahedral shape and had an av- 
erage size of 9.1 nm (fig. S1) (27). A high- 
resolution TEM (HRTEM) image of a single 
Pd NC and the corresponding Fourier-transform 
(FT) pattern indicate that it was indeed a piece 
of single crystal with its surface being enclosed 
by both {111} and {100} facets (Fig. 1B). The 
fringe orientation in the HRTEM image also 
confirms its shape as a truncated octahedron 
encased by eight {111} and six {100} facets 
(fig. S2) (22). 


Fig. 2. (A) HRTEM image of a single Pd-Pt nanodendrite. (B) HRTEM image 
recorded from the center of the Pd-Pt nanodendrite shown in (A). The image 
clearly shows the continuous lattice fringes from the Pd core to the Pt branches, 
demonstrating the epitaxial relation between Pd and Pt. (C to F) HRTEM images 
recorded from Pt branches 1, 2, 4, and 6 marked in (A), respectively. The 


These Pd NCs were then used as seeds for 
the formation of Pd-Pt bimetallic nanodendrites 
(21). A typical TEM image of the product re- 
vealed that a number of Pt branches had grown 
from a Pd core into dendritic tendrils, although 
single-arm branching was also observed (Fig. 
1C). The Pd-Pt nanodendrites had an aver- 
age size of 23.5 nm (fig. S3) (2/). The energy- 
dispersive x-tay spectroscopy (EDS) line scanning 
analysis showed the bimetallic nanostructure 
consisting of a core rich in Pd and many arms 
rich in Pt (fig. S4) (2/). The high-angle annu- 
lar dark-field scanning TEM (HAADF-STEM) 
image in Fig. 1D shows the intense contrast be- 
tween the core and the surrounding branches of 
a nanodendrite, demonstrating a three-dimensional 
dendritic morphology. Both TEM and STEM 
analyses confirmed the absence of isolated Pt 
nanoparticles in the product. The overall weight 
percentage of Pt in the Pd-Pt nanodendrites 
was 85% as determined by inductively cou- 
pled plasma mass spectrometry (ICP-MS) 
measurements. 
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We further characterized the Pd-Pt nanoden- 
drites by means of HRTEM. Figure 2A gives an 
HRTEM image of a single Pd-Pt nanodendrite, 
which clearly shows overgrowth of Pt branches 
at multiple sites on the Pd seed. The nuclea- 
tion sites for Pt appear to be distributed over 
the entire surface of the truncated octahedral 
Pd seed and do not overlap extensively. For the 
Pt branches, the average diameter was ~3 nm. 
The HRTEM image in Fig. 2B reveals the con- 
tinuous lattice fringes from the Pd core to the 
Pt branches, indicating that the Pt branches 
were grown epitaxially on the Pd seed [Pd and 
Pt have a lattice mismatch of only 0.77% (20)]. 
HRTEM images of individual Pt branches (Fig. 
2, C to F) show their single crystalline structure 
with a highly ordered continuous fringe pattern, 
and most of the exposed facets were found to be 
{111}, although some {110} and high-index 
{311} facets could also be identified in addition 
to a small fraction of {100}. The identical FT 
patterns associated with the same crystal orien- 
tations (Fig. 2, insets) are also indicative of the 
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images reveal that most of the exposed facets on the Pt branches were {111} 
planes. Some {110} and high-index {311} facets can also be identified in 
addition to a small fraction of {100} facets. The identical FT patterns shown in 
the insets indicate that the Pt branches have the same lattice orientation as the 
Pd core regardless of their different growth directions. 
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Fig. 3. Comparison of electrocatalytic properties 
of the Pd-Pt nanodendrites, Pt/C catalyst (E-TEK) 
(20% by weight of 3.2-nm Pt nanoparticles on 
carbon support), and Pt black (Aldrich) (fuel cell 
grade). (A) CV curves recorded at room temper- 
ature in an Ar-purged 0.1 M HClO, solution with 
a sweep rate of 50 mV/s. (B) Specific ECSAs for 
the Pd-Pt nanodendrites, Pt/C catalyst, and Pt 
black. (C) ORR polarization curves for the Pd-Pt 
nanodendrites, Pt/C catalyst, and Pt black 
recorded at room temperature and 60°C in an 
O>-saturated 0.1 M HClO, solution with a sweep 
rate of 10 mV/s and a rotation rate of 1600 
rpm. (D) Mass activity and (E) specific activity 


at 0.9 V versus RHE for these three catalysts. Mass and specific activities are given as kinetic current densities (j,) normalized in reference to the 
loading amount and ECSA of metal, respectively. For the Pd-Pt nanodendrites or Pt/C catalyst, the metal loading on a RDE was 15.3 ug/cm*, whereas 
the metal loading was 40.8 ug/cm? for the Pt black. In (A) and (C), current densities were normalized in reference to the geometric area of a RDE 


(0.196 cm’). 


epitaxial relation between the Pd core and the 
Pt branches. The epitaxial overgrowth of single- 
crystal Pt branches suggests that they were 
formed via direct nucleation on the Pd NC seed 
rather than random aggregation of Pt nuclei that 
might be formed through homogeneous nucle- 
ation in the solution. 

The observed dendritic growth of Pt branches 
can probably be attributed to the high rate of 
Pt reduction as mediated by an autocatalytic 
process (22), which has been used to account 
for the formation of porous and other branched 
nanostructures of Pt (23-26). In the present 
system, once Pt has nucleated on the surface 
of a Pd NC upon reduction by L-ascorbic 
acid, the Pt nuclei can serve as catalytic sites 
for further reduction of the Pt precursor and 
create favorable sites for atomic addition. 
Growth occurs preferentially on the Pt nuclei, 
and deposition proceeds along the developing 
Pt branches, rather than conformally on the Pd 
seed. We also observed branching via auto- 
catalytic reduction of the Pt precursor in the 
absence of Pd seeds. In this case, however, the 
final product was dominated by a spherical, 
foamlike morphology with overall sizes of 20 
to 35 nm (fig. S5) (2/). This morphology might 
be caused by extensive overlap and possible 
fusion between adjacent branches during the 
growth process. The truncated octahedral Pd 
seeds provide multiple nucleation sites for Pt 
that are spatially separated from each other in 
order to avoid overlap and fusion and allow 


the formation of Pt branches with an open 
dendritic structure. 

We benchmarked the electrocatalytic prop- 
erties of the Pd-Pt nanodendrites toward the 
ORR against both commercial Pt/C catalyst 
(E-TEK, Somerset, NJ) (20% by wt. of 3.2-nm 
Pt nanoparticles on Vulcan XC-72 carbon sup- 
port) and Pt black (Aldrich, St. Louis, MO) (fuel 
cell grade). Figure 3A shows cyclic voltammetry 
(CV) curves of these three catalysts recorded 
at room temperature in Ar-purged 0.1 M 
HCI1O, solutions at a sweep rate of 50 mV/s. 
The CV curves exhibited two distinctive poten- 
tial regions associated with Hypq adsorption/ 
desorption processes (H' + & = Hypa) between 
0 <£E< 0.37 Vand the formation of a OHag 
layer (2H,O = OH,g + H30° + e°) beyond 
~0.6 V, where Hypa and OHag refer to the 
underpotentially deposited hydrogen and the 
adsorbed hydroxyl species, respectively. The 
electrochemically active surface area (ECSA) 
was calculated by measuring the charge col- 
lected in the Hypq adsorption/desorption re- 
gion after double-layer correction and assuming 
a value of 210 uC/cm? for the adsorption of 
a hydrogen monolayer (2/, 27). The specific 
ECSA (the ECSA per unit weight of metal) of 
the Pd-Pt nanodendrites (48.5 m?/gpgsp) was 
found to be 66% of the PC catalyst (74.0 m’/gp,) 
(Fig. 3B). Based on the Pt mass, the specific 
ECSA of the Pd-Pt nanodendrites (57.1 m’/gp,) 
was 77% of the Pt/C catalyst. In contrast, the 
Pt black exhibited a small specific ECSA 


(19.1 m?/gp,) mainly because of extensive ag- 
glomeration in the sample (fig. S6) (27). The 
highly branched structure of our Pd-Pt nano- 
dendrites provides a reasonably high surface 
area despite their relatively large overall par- 
ticle size. 

The ORR measurements were performed 
in O -saturated 0.1 M HCIO, solutions by 
using a glassy carbon rotating disk electrode 
(RDE) at both room temperature and 60°C. 
For the Pd-Pt nanodendrites and Pt/C catalyst, 
the metal loading on a RDE was 15.3 pg/em’, 
whereas the loading was increased to 40.8 g/cm” 
for the Pt black so as to avoid a substantial 
drop of the diffusion-limiting currents that 
occurs at relatively low loadings for low- 
specific-surface-area catalysts (fig. S7) (2/, 28). 
Polarization curves for the ORR on these three 
catalysts are shown in Fig. 3C. For all of these 
catalysts, the diffusion-limiting currents were 
obtained in the potential region below 0.6 V, 
whereas a mixed kinetic-diffusion control re- 
gion occurs between 0.7 and 1.0 V. The kinetic 
current was calculated from the ORR polariza- 
tion curve by using mass-transport correction 
and normalized to the loading amount of metal 
in order to compare the mass activity of dif- 
ferent catalysts (2/7). At room temperature, the 
Pd-Pt nanodendrites exhibited a mass activity 
of 0.204 mA/ugpg+p; on the basis of the total 
mass of Pd and Pt at 0.9 V versus a revers- 
ible hydrogen electrode (RHE), which was 2.1 
and 4.3 times greater than that of the Pt/C 
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Fig. 4. CV curves for the Pd-Pt nanodendrites 
before and after accelerated durability test. The 
durability test was carried out for the same 
sample at room temperature in an O>-saturated 
0.1 M HClO, solution with the cyclic potential 
sweeping between 0.6 and 1.1 V at a sweep 
rate of 50 mV/s. The metal loading on a RDE 
was 15.3 yg/cm? and current densities were 
normalized in reference to the geometric area 
of a RDE (0.196 cm’). 


catalyst (0.095 mA/ugp,) and the Pt black 
(0.048 mA/ugp,), respectively (Fig. 3D, left). If 
the Pt mass was solely taken into account, the 
mass activity of the Pd-Pt nanodendrites (0.241 
mA/uUgp,) was 2.5 times that of the state-of- 
the-art Pt/C catalyst for PEM fuel cells and 
5.0 times that of the first-generation support- 
less Pt-black catalyst. At 60°C, the Pt mass ac- 
tivity of the Pd-Pt nanodendrites (0.433 mA/Ugp;) 
was still greater than that of the Pt/C catalyst 
(0.204 mA/ugp,) and the Pt black (0.078 mA/gp;) 
(Fig. 3D, right) and almost meets the per- 
formance targets for ORR fuel cell catalysts 
(0.44 mA/ugp; at 0.9 V versus RHE and 80°C) 
set by the U.S. Department of Energy (DOE) 
(9). In this study, the measured activities of 
the commercial Pt catalysts are in good agree- 
ment with the reported or predicted values in lit- 
erature (9). 

For a better understanding of the observed 
difference in ORR activity, we normalized the 
kinetic current against the ECSA of each cat- 
alyst. The Pd-Pt nanodendrites had a specific 
activity (i.e., kinetic current per unit surface 
area of catalyst) of 3.1 to 3.4 times that of the 
Pt/C catalyst and 1.7 to 2.0 times that of the Pt 
black depending on the temperature (Fig. 3E 
and table S1) (2/), demonstrating the accel- 
erated ORR kinetics on the surfaces of the 
Pd-Pt nanodendrites. The ORR activity on 
low-index crystallographic facets of Pt in a 
nonadsorbing electrolyte such as perchloric acid 
is known to increase on the order of Pt(100) << 
Pt(111) < Pt(110), with the difference in ac- 
tivity between Pt(111) and Pt(110) being minor 
(7, 29, 30). This difference in ORR activity 
most likely arises from the structure-sensitive 
inhibiting effect of OHaq species on Pt(hk/), 
which blocks the active site for Oz adsorption 
and thus retards the ORR kinetics. In ad- 
dition, the high-index stepped Pt surfaces 


have exhibited slightly greater ORR activities 
than the low-index planes in acidic solutions 
(31), which could be attributed to the fa- 
vorable adsorption of Oz molecules on the 
stepped surfaces (32, 33). The higher specific 
activity of the Pd-Pt nanodendrites might be 
related to the preferential exposure of {111} 
facets along with some {110} and high-index 
{311} facets on the Pt branches as compared 
with those of small Pt nanoparticles on Pt/C 
catalyst, which usually take the shape of a 
truncated octahedron and are thus enclosed 
by a mix of {100} and {111} facets (fig. S8) 
(21). As expected, the Pt black samples showed 
an irregular morphology with poorly defined 
facets. We can conclude that the observed 
high activity based on Pt mass for the Pd-Pt 
nanodendrites results from the reasonably high 
surface area intrinsic to the dendritic morphol- 
ogy and the exposure of particularly active fac- 
ets toward the ORR on the Pt branches. 

We also performed accelerated durability 
tests by applying linear potential sweeps be- 
tween 0.6 and 1.1 Vat 50 mV/s in O>-saturated 
0.1 M HClO, solutions at room temperature. 
After 4000 cycles, the CV measurements showed 
a loss of 30% in ECSA for the Pd-Pt nano- 
dendrites, 36% for the Pt/C catalyst, and 33% 
for the Pt black (Fig. 4 and fig. S9) (2/), sug- 
gesting that the Pd-Pt nanodendrites had 
durability slightly better than the Pt/C catalyst 
and the Pt black. After 10,000 cycles, the Pd-Pt 
nanodendrites showed a loss of 50% in ECSA. 
It might be possible to improve the durability of 
the Pd-Pt nanodendrites for the ORR by in- 
corporating Au. Zhang et al. have recently dem- 
onstrated the stabilization of Pt ORR catalysts 
against Pt dissolution by modifying them 
with Au clusters, which were deposited onto 
the carbon-supported Pt nanoparticles through 
a galvanic replacement reaction (34). Their 
Au/Pt/C catalyst showed a negligible loss of 
4% in ECSA after 30,000 cycles of the du- 
rability test. Additionally, enhancement of the 
ORR activity is expected through the optimi- 
zation of both composition and dimension of 
the Pd-Pt nanodendrites by varying the ratio of 
Pt precursor to Pd seeds involved in a syn- 
thesis. By taking advantage of this controllable 
solution-phase synthesis, our approach pro- 
vides a promising route to the development of 
next-generation catalysts with substantial re- 
duction in Pt loading while retaining high ORR 
activity. The Pd-Pt bimetallic nanodendrites 
may also find use as catalysts beyond fuel cell 
applications. 
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Quasicrystals are solids whose atomic arrangements have symmetries that are forbidden for periodic 
crystals, including configurations with fivefold symmetry. All examples identified to date have been 
synthesized in the laboratory under controlled conditions. Here we present evidence of a naturally 
occurring icosahedral quasicrystal that includes six distinct fivefold symmetry axes. The mineral, an 
alloy of aluminum, copper, and iron, occurs as micrometer-sized grains associated with crystalline 
khatyrkite and cupalite in samples reported to have come from the Koryak Mountains in Russia. The 
results suggest that quasicrystals can form and remain stable under geologic conditions, although there 
remain open questions as to how this mineral formed naturally. 


erals, are classified according to the order 
and rotational symmetry of their atomic 
arrangements. Glasses and amorphous solids 
have disordered arrangements with no exact rota- 
tional symmetry. Crystals have atomic structures 
with long-range periodic order that can be de- 
scribed by a single atom or atomic cluster that 
repeats at regular intervals. According to the 
well-known theorems of crystallography derived 
nearly two centuries ago, the rotational symme- 
tries of crystals are highly restricted: Two-, three-, 
four-, and sixfold symmetry axes are allowed, but 
five-, seven-, and all higher-fold symmetry axes 
are forbidden. Quasicrystals (7, 2) (short for 
quasiperiodic crystals) have a more subtle kind of 
long-range order. In a quasiperiodic structure, the 
atomic positions along each symmetry axis are 
described by a sum of two or more periodic 
functions whose wavelengths have an irrational 
ratio (inexpressible as a ratio of integers). This 
difference exempts quasicrystals from the crys- 
tallographic restrictions: They can exhibit all the 
rotational symmetries forbidden to crystals, in- 
cluding fivefold symmetry. Just as square or hex- 
agonal tilings are commonly used as geometric 
analogs for periodic crystals, the Penrose tiling 
(3) is used as an analog for quasicrystals. The 
fivefold symmetric tiling consists of acute and 
obtuse rhombic tiles that repeat along each 
symmetry direction with frequencies whose 
quotient is tT = is = 1.618, the golden ratio. 
The concept of quasicrystals was introduced 
25 years ago (J), and the first example observed 
was a rapidly quenched alloy of Al and Mn with 
icosahedral symmetry (2). Since then, over 100 
examples have been identified (4), but all have 
been synthetic alloys produced in the laboratory 
under controlled conditions, ranging from fast to 
moderately slow quenching (5). A substantial 
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number have icosahedral symmetry, but other 
crystallographically forbidden symmetries have 
been observed as well (/, 4). Among the most 
carefully studied is the icosahedral phase of 
AlCuFe (i-AlCuFe), reported by Tsai et al. (6) 
and subsequently examined over a range of stoi- 
chiometries, temperatures, and quench conditions 
(5). The optimal composition, Alg3Cuz4Fe;3, is 
known to be stable over the temperature range 
from 500° to 870°C at atmospheric pressure, but 
its stability under wider ranges of temperature 
and pressure has not been fully explored. 

To search for quasicrystals beyond the chem- 
ical families in which they are already known to 
occur, a scheme to identify quasicrystals based 
on powder diffraction data was developed and 
applied (7) to a collection of over 80,000 patterns 
published as the “powder diffraction file” by the 
International Center for Diffraction Data (ICDD- 
PDF). The ICDD-PDF includes some 9000 min- 
eral patterns in addition to synthetic phases. 
Figures of merit were identified to rank the ob- 
served powder patterns according to how they 
compared with those of ideal quasicrystals. 
Known quasicrystals in the ICDD-PDF were suc- 
cessfully identified by this procedure. Among 
other materials, samples of the 50 most highly 
ranked were obtained and explored with trans- 
mission electron microscopy (TEM) and powder 
x-ray diffraction (XRD), but no new quasicrys- 
tals, synthetic or natural, were found (7). As a 
result, the search turned to possibilities outside 
the existing catalog, beginning with minerals with 
compositions similar to those of known quasi- 
crystals synthesized in the laboratory. 

Many synthetic quasicrystals are metallic al- 
loys, often including Al, which led to the consid- 
eration of the mineral khatyrkite, with a nominal 
composition of (Cu,Zn)Al,. Khatyrkite (8, 9) was 
originally found in a metal placer, reported as 
coming from a Triassic (200 million years old) 
ultramafic (silicon-poor) zone (/0) of the Koryak 
Mountains, northeast of the Kamchatka Penin- 
sula in Russia. Cupalite, nominally (Cu,Zn)Al1, 
is reported to form in close association with 
khatyrkite and is orthorhombic (8, 9). The only 
reported samples of khatyrkite were described as 
roughly 30-11m grains found in association with 
weathered serpentinite and located near the 
Listvenitovyi Stream in the Chetkinvaiam tec- 
tonic melange (9, /0). 


We examined a khatyrkite-bearing sample 
from the collection of the Museo di Storia Na- 
turale of the Universita degli Studi di Firenze 
(catalog number 46407/G) that was acquired in 
1990 and cataloged as coming from the Koryak 
region, although we have no direct evidence that 
our sample originated from the same location as 
the type specimen. Instead of a metal placer, the 
sample includes an assemblage (Fig. 1A) of 
spinel, augite, and forsteritic olivine. We made 
polished thin sections and examined the micro- 
structure using backscattered electron (BSE) im- 
aging in the scanning electron microscope (J/). 
To quantify the stoichiometry of these phases, we 
examined samples using wavelength-dispersive 
x-ray analysis in an electron microprobe (/2). 

The study revealed a number of Al-rich grains 
consistent with khatyrkite and cupalite, though 
with only traces of Zn as compared with the 
reported composition (8, 9). These grains were 
intergrown with forsteritic olivine (Fig. 2A) and 
an unknown mineral, AlCuFe, corresponding to 
the B phase (5) in the synthetic Al-Cu-Fe alloy 
(Fig. 2B). The complex assemblage of mineral 
phases shown in Figs. 1 and 2 provides evidence 


Fig. 1. (A) The original khatyrkite-bearing 
sample used in the study. The lighter-colored 
material on the exterior contains a mixture of 
spinel, augite, and olivine. The dark material 
consists predominantly of khatyrkite (CuAl,) and 
cupalite (CuAl) but also includes granules, like 
the one in (B), with composition Alg3Cuz4Fe,3. 
The diffraction patterns in Fig. 4 were obtained 
from the thin region of this granule indicated by 
the red dashed circle, an area 0.1 um across. (C) 
The inverted Fourier transform of the HRTEM 
image taken from a subregion about 15 nm 
across displays a homogeneous, quasiperiodi- 
cally ordered, fivefold symmetric, real space 
pattern characteristic of quasicrystals. 
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Table 1. Best fit of the powder XRD pattern from the mineral sample to an ideal FCI quasicrystal, 
using the automated scheme in (7). The first two columns show the magnitude of the scattering 
vector |Q| for the real and ideal patterns, and column three shows the difference between these 
two values. The fourth column is the relative intensity (100 is the most intense). The fifth column 
is the best-fit index assignment (integer linear combinations of the six vectors {g,, gs}), and the 
last column is an equivalent two-integer index introduced by Janot (4) (eqs. 3.20 to 3.26) and 


Vos 


used in Fig. 3A, in which Q=Y“*+™ with distance d = 34 A and six-dimensional lattice 


parameter a, = —4— = 12.64 A. 

2+ 1) 
IQreatl (A~4) IQideatl (A7) A Treat ny (N,M) 
0.1116 0.1120 0.32% 2 200000 (8,4) 
0.1808 0.1812 0.20% 5 111111 (12,16) 
0.2668 0.2670 0.06% 20 200022 (24,36) 
0.2931 0.2932 0.03% 25 311111 (28,44) 
0.3082 0.3083 0.03% 20 220022 (32,48) 
0.3571 0.3576 0.12% 5 311131 (44,64) 
0.4080 0.4078 0.05% 10 420022 (56,84) 
0.4255 0.4254 0.02% 5 311133 (60,92) 
0.4744 0.4744 0.00% 90 422222 (72,116) 
0.4985 0.4988 0.06% 100 402042 (80,128) 
0.5787 0.5786 0.02% 5 531133 (108,172) 
0.6887 0.6884 0.05% 15 622044 (152,244) 
0.7052 0.7054 0.03% 5 622244 (160,256) 
0.8078 0.8071 0.08% 30 604064 (208,336) 


Fig. 2. (A and B) BSE 
images of two thin polished 
slices of the khatyrkite sam- 
ple shown in Fig. 1. At least 
one microprobe analysis 
was made at each location 
marked with a symbol, 
corresponding to the fol- 
lowing phases: khatyrkite 
(CuAl,), yellow squares; 
cupalite (CuAD, blue cir- 
cles; unknown mineral 
(AlCuFe), corresponding 
to B phase (5, 12) in the 
synthetic alloy, purple tri- 
angles; forsteritic olivine 
[(Mgo.95Feo.05)2Si04],_in- 
timately associated with 
khatyrkite, green dia- 
monds; and natural quasi- 
crystal with approximate 
composition Al3Cuz4Fez3, 
red pentagons. 
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that all the phases were formed naturally by 
geologic processes and are unlikely to have been 
introduced by human activity; however, elucidat- 
ing the mechanisms responsible for this hetero- 
geneous morphology and for the low oxygen 
fugacity implied by the existence of metallic Al 
remains a serious and fascinating challenge. In 
addition to these phases, we observed within the 
sample a grain about 90 to 120 um across that, 
based on 18 microprobe analyses, is approxi- 
mately AlgsCuz Fes, with an uncertainty of less 
than 0.1 atomic %. This is close to the optimal 
stoichiometry of synthetic i-AlCuFe (5). Over 
200 microprobe samplings show that the chem- 
ical composition in each of the metallic phases 
shown in Fig. 2 has a fairly uniform composi- 
tion. Extensive studies of AlCuFe alloy forma- 
tion in the laboratory do not show the same 
assemblage of metal alloys found in this sample 
(73). 

To investigate the atomic structure of this 
possible i-AlCuFe phase, we removed grains 
from the polished thin sections, mounted them 
on glass fibers, and collected powder XRD pat- 
terns with a diffractometer (/4). The powder 
XRD pattern gives direct information about the 
atomic structure that can indicate whether it is a 
quasicrystal, using the scheme in (7). For an 
icosahedral quasicrystal, the diffraction scatter- 
ing intensity in Fourier Space at scattering wave 
vector q is7(q) = ¥|PQlSq,9, where pag is com- 
plex, and the sum is over a discrete lattice of 
reciprocal vectors G, expressible as integer linear 
combinations of the six fundamental wave vectors 
g.= [sin Bos (724), sin B sin (724), cos B] fork = 
0,...,4 and cos B = a and gs = (0,0,1). The 
vectors {g;, gs} are oriented along the six 
fivefold symmetry axes of an icosahedron (/5). 
The icosahedron (which has the symmetry of a 
soccer ball) also has 10 threefold symmetry 
axes and 15 twofold symmetry axes. Associ- 
ated with each peak Q is a complementary 
wave vector Q, obtained by using the same six 
integers to construct the corresponding linear 
combinations of &, = 89% moa s and Fs; = —gs. 
The diffraction scattering intensity at peak Q 
tends to decrease as |Q| increases. Synthetic 
i-AlCuFe is a face-centered icosahedral (FCI) 
quasicrystal (5); in these structures, Bragg peaks 
occur only at integer linear combinations of 
{Z, Zs} where the sum of the integers is even. 
Applying the automated indexing program in (7), 
we compared the powder XRD pattern of our 
AlCuFe mineral grains to that of an ideal FCI 
structure and found that all of the major peaks 
(Fig. 3A) match closely with Bragg reflections in 
the ideal structure, as shown in Table 1. We also 
quantified the degree of conformity, using figures 
of merit corresponding to A, the intensity- 
weighted average of the absolute deviation of 
each Q from its closest-matching FCI peak 
(column three in Table 1), and the intensity- 
weighted average of Q, as discussed in (7); Fig. 
3B shows that the sample ranked extremely 
high. 
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To explore the atomic structure, several gran- 
ules, each a few micrometers across (such as the 
one shown in Fig. 1B), were removed from the 
glass fiber and examined with TEM (/6). On 
the submicrometer length scale, the grains are 
mostly homogeneous but contain some smaller 
domains with slightly different compositions. 
Some of these regions were found with energy- 
dispersive x-ray analysis to be Alg3 + {Cog + |Fey3 + 1, 
within an error equal to the known composition 
of synthetic i-AlCuFe. (This suggests that the 
electron microprobe analysis, which averages 
over larger domains, included regions with 
different compositions.) The diffraction patterns 
from these regions, obtained by tilting the sample 
at various angles, are shown in Fig. 4. These 
patterns, consisting of sharp peaks arranged in an 
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Fig. 3. (A) Powder XRD pattern for the natural 
sample, with major peaks indexed by the auto- 
mated scheme in (7). The narrow sharp peaks 
indicate a high degree of translational order. (B) 
The distribution of two figures of merit introduced 
in (7) to separate quasicrystals from among a large 
collection of powder patterns in the ICDD-PDF: (i) 
the logarithm of the intensity-weighted average 
|A|, where A is the absolute deviation of each Q 
from the closest-matching FCI peak (column three 
in Table 1); and (ii) the intensity-weighted average 
of Q. Known synthetic FCI quasicrystals are indi- 
cated with gray squares (AlCuFe) and white circles 
(other examples). They cluster far from ordinary 
crystalline minerals (gray dots), whose average and 
standard deviation are indicated by solid and 
dashed lines, respectively. The natural sample, 
marked with the black triangle, is several standard 
deviations away from the average and well within 
the cluster of known FCI quasicrystals. 


incommensurate lattice with five-, three-, and 
twofold symmetry, are the characteristic signa- 
ture of an icosahedral quasicrystal (/, 5). In ad- 
dition, the angles between the symmetry planes 
shown in Fig. 4 are consistent with icosahedral 
symmetry. For example, the angle between the 
two- and fivefold symmetry planes was measured 
to be 31.6° + 0.5°, which agrees with the ideal 
rotation angle between the twofold and fivefold 
axes of an icosahedron (arctan + = 31.7°). The in- 
verted Fourier transform of the high-resolution TEM 
(HRTEM) image shown in Fig. 1C shows that the 
real space structure consists of a homogeneous, 
quasiperiodic, and fivefold symmetric pattern. 
Together, these TEM results provide conclusive 
evidence of crystallographically forbidden icosa- 
hedral symmetry in a naturally occurring phase. 


Fig. 4. The fivefold (A), threefold (B), and twofold 
(C) diffraction patterns obtained from a region (red 
dashed circle) of the granule in Fig. 1B match 
those predicted for a FCI quasicrystal, as do the 
angles that separate the symmetry axes. 


TEM and XRD also demonstrated the high 
degree of structural perfection in the mineral 
quasicrystal. In the electron diffraction patterns in 
Fig. 4, there is no visible distortion. Quasicrystals 
produced by rapid quenching or embedded in a 
matrix of another phase often exhibit measurable 
deviations from the ideal pattern due to phason 
strains (/5, 17). An experimental signature is a 
shift in Bragg peak positions relative to the ideal 
by an amount proportional to Q, corresponding 
to larger shifts for peaks with smaller intensity. If 
the diffraction pattern is held at a grazing angle 
and viewed down rows of peaks, the phason 
strain can be observed as deviations of the dim- 
mer peaks from straight rows (/5). The diffrac- 
tion patterns in Fig. 4 display no discernible 
evidence of phason strain. This qualitative obser- 
vation is quantified by the XRD data in column 
three of Table 1, which demonstrate that the 
natural quasicrystal has a degree of structural 
perfection comparable to that of the best labora- 
tory specimens (Fig. 3B). Either the mineral 
samples formed without phason strain in the first 
place, or subsequent annealing was sufficient for 
phason strains to relax away. 

A nearly structurally perfect natural quasi- 
crystal that formed under geologic conditions 
would have several implications for geology and 
condensed-matter physics. The definition of a 
mineral, which previously included periodic crys- 
tals, incommensurate structures (/8, 79), and 
amorphous phases, would henceforth include 
quasicrystals, expanding the catalog of structures 
formed by nature and raising an interesting 
challenge to explain how they formed naturally. 
Finally, the study of natural quasicrystals may 
provide insights about the formation and stability 
of quasicrystals at temperatures and pressures not 
studied in the laboratory previously, and perhaps 
an avenue for discovering new quasicrystals with 
compositions not yet synthesized. 
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Observation of Single Colloidal Platinum 
Nanocrystal Growth Trajectories 


Haimei Zheng,”’2? Rachel K. Smith,?* Young-wook Jun,”2* Christian Kisielowski, 
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Understanding of colloidal nanocrystal growth mechanisms is essential for the syntheses of 
nanocrystals with desired physical properties. The classical model for the growth of monodisperse 
nanocrystals assumes a discrete nucleation stage followed by growth via monomer attachment, but 
has overlooked particle-particle interactions. Recent studies have suggested that interactions 
between particles play an important role. Using in situ transmission electron microscopy, we show 
that platinum nanocrystals can grow either by monomer attachment from solution or by particle 
coalescence. Through the combination of these two processes, an initially broad size distribution 
can spontaneously narrow into a nearly monodisperse distribution. We suggest that colloidal 
nanocrystals take different pathways of growth based on their size- and morphology-dependent 


internal energies. 


advanced remarkably, and now it is pos- 

sible to make colloidal nanocrystals of a 
wide range of solids, ranging from metals to semi- 
conductors and insulators, with narrow size dis- 
tributions (variations in diameter less than 5%) and 
high crystallinity (/—5). It is also possible to con- 
trol their shapes, from spheres to disks or rods, as 
well as their topology (solid, hollow, nested) and 
their connectivity and branching patterns by adjust- 
ing the growth parameters, such as surfactant, 
concentration, or temperature (6—//). The current 
state of nanocrystal synthesis has been largely 
achieved empirically with some classical models 
(12-14) for particle growth serving as guides. 
Here, we demonstrate that it is possible to directly 
observe the growth trajectories of individual col- 
loidal nanocrystals in solution by using a liquid 
cell that operates inside a transmission electron 
microscope (TEM), and that these trajectories re- 
veal a set of pathways more complex than those 
previously envisioned. 


T= growth of colloidal nanocrystals has 
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Consider the simplest case of a narrow size 
distribution of nearly spherical colloidal nano- 
particles. A model based on kinetics that can ac- 
count for this size distribution was proposed by 
LaMer and Dinegar (/2) and improved by Reiss 
(73). An abrupt increase in monomer concentra- 
tion induces a burst of nucleation events followed 
by a period of rapid growth. The initial broad size 
distribution because of a spread in nucleation time 
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or other variations such as mixing can be cor- 
rected with “size distribution focusing,” in which 
small crystals “catch up” with larger ones because 
the growth rate of nanocrystals decreases as the 
size increases (/). Inhibition of particle aggrega- 
tion is typically achieved by using surfactant ligands 
that stabilize the particle surface and provide a 
barrier to coalescence. The thinking underlying this 
approach has guided many syntheses (/, 2, 4). A 
second scenario for nanocrystal control employs 
an equilibrium approach. One devises a system 
in which the binding of surfactant to the nano- 
particle surface is nearly as strong as the bonds 
within the crystal, strong enough then to thermo- 
dynamically drive the system toward a particular 
average size for a given concentration of surfac- 
tant and monomeric species (/5—17). These two 
distinct models consider only the possibility of 
particle growth through the addition of mono- 
meric species. However, there is substantial evi- 
dence that particle coalescence or even oriented 
attachment can also play a role in nanocrystal 
growth (/8—22). The lack of consensus on the 
controlling mechanisms is mainly due to the lack 
of direct evidence for nanocrystal growth in so- 
lution. In situ observation of the dynamic growth 
process is expected to substantially advance our 
understanding of nanocrystal growth mechanisms, 


Fig. 1. TEM of Pt nanocrystals syn- 
thesized in a liquid cell. (A) Bright- 
field TEM image of Pt nanocrystals with 
a histogram of particle size distribu- 
tion, obtained from measurements of 
150 particles. (B) High-resolution TEM 
image of a Pt nanocrystal, which was 
recorded after the in situ experiment. 
(©) EDS spectra from Pt nanocrystals 
(red) and background (black) obtained 
ex situ from the same liquid cell. The 
observed Si and Cu signals are from 
the silicon nitride membrane win- 
dow and the cover of the liquid cell, 
respectively. 
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although its application to specific syntheses will 
have to take into account factors such as the thermo- 
dynamic and geometric differences between micro- 
scopic in situ and macroscopic flask experiments. 

In order to observe colloidal nanocrystal growth, 
one needs a technique that can image through 
liquids during the chemical reaction with nano- 
meter resolution and in real time. Williams et al. 
have developed a liquid cell reactor that can be 
placed in a special TEM sample holder, which 
was used to image the dynamic growth of Cu clus- 
ters on a surface during electrochemical plating 
by using a TEM with a resolution of 5 nm (23) 
[see also other related techniques in (24—26)].We 
employed this TEM capability in a self-contained 
liquid cell with an improved resolution in the sub- 
nanometer range (fig. S1) (27). We used these dis- 
posable liquid cells to image platinum nanocrystal 
growth in solution in situ using a JEOL3010 mi- 
croscope operated at 300 kV. Because the cells fit 
into a standard TEM sample holder, we also used 
CM300 and CM200 TEMs equipped with an x-ray 
detector for high-resolution TEM imaging and 
elemental analysis ex situ on the same cell. We pre- 
pared a stock solution for synthesis by dissolving 
Pt(acetylacetonate), (10 mg/mL) in a mixture of 
o-dichlorobenzene and oleylamine (9:1 in volume 
ratio). We loaded about 100 nanoliters of the growth 
solution into the reservoir of a liquid cell, and the 
solution was drawn into the cell by capillary force. 
Subsequently, the cell was sealed and loaded into 
the microscope. Within the electron-transparent 
window, the reaction solution of about 200 nm in 
thickness was confined between two silicon ni- 
tride membranes (25 nm each). 

A key feature of these experiments is the abil- 
ity to use the electron beam to induce the nucleation 


Fig. 2. Growth and coalescence of Pt A 
nanocrystals. (A) Video images acquired 
at 0.0 s, 12.1 s, 24.2 s, and 77.0 s of ex- 
posure to the electron beam. Specific par- 
ticles are labeled with arrows. The growth 
trajectories of these individual particles 
reveal the multiple pathways leading to 
size focusing. (B) Number of particles (left 
axis) and number of coalescence events (Nc, 
right axis) during an interval of 2.0 s versus 
time. Particles nucleate and grow during the 
adjustment of focus for imaging (0 to 10 5), 
the details of which were not available. 
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of Pt nanocrystals. The growth of Pt nanocrystals 
in solution was initiated by the electron beam 1r- 
radiation, and a constant beam intensity of 2 x 10° 
to 14 x 10* Af? was maintained during the 
growth (27). The beam intensity varied briefly in 
the initial exposure to the electron beam (a few 
seconds) during the time required to focus for 
imaging. Nanocrystals nucleated and grew during 
this period of time. Under constant illumination, 
there was normally a subsequent round of nu- 
cleation followed by growth (movie S1; also see 
movie S2 for comparison). Figure 1A shows plat- 
inum nanocrystals obtained inside a liquid cell by 
the exposure of the growth solution to the electron 
beam for about 5 min. Nearly monodisperse nano- 
particles with an average diameter of 3.4 nm and a 
SD of 8% were obtained (Fig. 1A, inset). The plat- 
inum nanoparticles were mostly single crystalline 
with a face-centered cubic structure (Fig. 1B) and a 
composition of pure Pt, as confirmed by energy- 
dispersive x-ray spectroscopy (EDS) (Fig. 1C). 
In situ observation of the Pt nanoparticle 
growth provides details of the growth kinetics. 
Figure 2 shows a sequence of video images recorded 
at 0.0 s, 12.1 s, 24.2 s, and 77.0 s of exposure to 
electron beam radiation (movie S1). From the ini- 
tial growth solution of Pt’* precursor, a large num- 
ber of Pt nanocrystals emerged, and new particles 
continued to appear. The nucleation under a con- 
stant electron beam irradiation spanned more than 
10 s (see the number of particles as a function of 
time in Fig. 2B). Particle growth and nucleation 
occurred in parallel (see particles highlighted by 
arrows in Fig. 2A, indicating examples of growth). 
Along with the conventional particle growth by 
means of monomer addition from solution, fre- 
quent coalescence events between the particles 
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were observed. At the early stage of the growth, the 
number of particles gradually increased and reached 
a maximum at 21.0 s. Subsequently, the number 
of particles dropped significantly and eventually 
settled at a constant value. Although some smaller 
particles were seen to dissolve completely, the 
decrease in the number of particles was mainly 
due to the coalescence events between individual 
particles (see the number of coalescence events as 
a function of time in Fig. 2B). 

We examined the particles that have similar 
initial sizes but grow along different pathways. 
Figure 3A shows a sequence of video frames of 
two particles that were taken from the same field 
of view (fig. S2). The particle formed by means of 
simple growth shows a continuous increase of size 
and maintains a nearly spherical shape. In addi- 
tion, mostly uniform diffraction contrast within the 
particle was observed, indicating single crystalline 
characteristics throughout the growth. However, 
the coalesced particle shows both shape changes 
and different diffraction contrast, indicating poly- 
crystalline characteristics within the particle after 
the coalescence event. Eventually (about 16.0 s 
after the coalescence event) it forms a single crys- 
talline particle with a nearly spherical shape. This 
is characteristic of punctuated growth, in which 
the growth of the coalesced particles pauses after 
coalescence during the period of structural relaxa- 
tion. These pauses contribute to the situation in 
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Fig. 3. Comparison of different growth trajectories. 
(A) Video images showing simple growth by means of 
monomer addition (left column) or growth by means 
of coalescence (right column). Particles are selected 
from the same field of view. (B) Enlarged (1.5 times) 
color images of (A). Distinct contrast changes are 
highlighted with arrows indicating recrystallization, 
which were observed in the coalesced particle but not 
in the case of simple growth. 
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which particles that are formed by the steady 
simple growth process in order to “catch up” so 
that the two types of particles show similar final 
sizes. 

We considered the evolution of particle size 
distribution in light of the observed single-particle 
growth trajectories. Figure 4A shows the histo- 
grams of particle size distribution at different 
stages of growth (19.7 s, 24.2 s, 30.3 s, and 77.0 s; 
for each plot, we measured about 120 to 170 par- 
ticles within an area of 50 nm by 60 nm and in 
intervals of 100 ms). At the early stages, particle 
size distributions are broad, because of the spread 
of nucleation events over time. At 24.2 s, we ob- 
served a bimodal distribution. At a later stage, the 
distribution has a single peak, and the initially 
broad distribution has spontaneously narrowed. 

In order to understand this size-focusing be- 
havior, we have examined the growth trajectories 
of each individual nanoparticle. Figure 4B shows 
particle size as a function of growth time for a 
few selected particles as examples (particles are 
highlighted by arrows in Fig. 2A), in which an ef- 
fective size of d = 2 x \/A/n was used, where 
A is the projected area of the particle in the video 
images. A particle evolving by means of sim- 
ple growth shows a continuous increase of size 
until it reaches a saturation stage (particle a). 
However, particles resulting from coalescence 
events (particles b to e) show a jump of particle 
size after each coalescence event. A smaller 
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particle can “catch up” to the size of a bigger particle 
through multiple coalescence events. The fact that 
multiple coalescence events are more commonly 
observed among the small particles is attributed to 
their higher energy due to a larger surface-to- 
volume ratio and an increased collision frequency 
resulting from a greater mobility. Such growth 
kinetics of individual nanoparticles deviates from 
the ensemble behavior, shown in Fig. 4C, which 
reflects the average particle size within an area of 
50 nm by 60 nm as a function of time. The evo- 
lution of the mean particle size versus time re- 
sembles the trend predicted by classical growth 
models of a diffusion-controlled Ostwald ripening 
process (2) [the size of the particles (d) is pro- 
portional to growth time (A), d 3 t]. This illustrates 
that direct observations of single-particle growth 
trajectories provide important insights into nano- 
crystal growth mechanisms, which are not ac- 
cessible with a conventional analysis on the basis 
of the ensemble. For example, we found that there 
is a period of time after a coalescence event during 
which the coalesced particles cease to grow. After 
this relaxation period, the particle resumes growth 
through monomer addition. The combined effects 
of monomer addition, coalescence, and punctuated 
growth all contribute to the focusing of the size 
distribution. 

During coalescence, the combined particle has 
a higher internal energy and chemical potential 
because of the appearance of grain boundaries and 
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Fig. 4. Growth kinetics of Pt nanoparticles. (A) Histograms of particle size distribution at 19.7 s, 24.2 s, 
30.3 s, and 77.0 s. Black curves are Gaussian fits. (B) Particle size versus growth time. These particles are 
highlighted in Fig. 2A. Inset shows two types of growth trajectories. A relaxation time (t) was observed after 
a coalescence event. Error bars for particle diameter measurements are less than +0.18 nm. (C) Logarithmic 
relationship of particle size versus growth time for the ensemble and those individual particles in (B). Black 
lines are guides for the eye, and dashed lines show the coalescence events. (D) Logarithmic relationship of 
relaxation time versus the size of the coalesced particles. Black line shows linear fit. 
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a higher surface energy per volume that is de- 
termined by its shape as compared with that of a 
spherical particle of the same size. Such higher- 
energy particles may lose monomers (dissolve) in 
the solution and/or change shape. Similar effects 
have been observed in the growth of Ge islands 
from a vapor phase (28). In our case, the com- 
bined nanoparticle changes shape, forming a 
spherical particle along with the recrystallization. 
During this relaxation period, there is a slight 
decrease of particle size. However, nanocrystals 
that evolve by means of simple growth show a 
continuous increase of particle size until reaching 
a saturation stage (Fig. 4B). We further found that 
the relaxation time (t, highlighted in Fig. 4B, inset) 
increases with the particle size (d) following a 
power law relationship, t ~ d** (Fig. 4D). When 
considering the relaxation process as a recrystalli- 
zation process in which monomeric species migrate 
on the two-dimensional nanocrystal surface, such 
a result is fairly reasonable. The relaxation time 
is proportional to the total surface area (A = 
qn x d’) and inversely proportional to the mobil- 
ity (6) of monomers on the particle surface, 
Box i, where 1/d is the curvature of the par- 
ticle. Therefore, the relationship between the 
relaxation time and the size of the coalesced 
particles is estimated by t ~ d°, which is close to 
our experimentally observed value. However, 
this is only a rough estimate. Additional factors, 
such as variations in the nature of coalescence 
(oriented or random attachment) or details of 
size and shape of the coalesced particle need to 
be considered for more accurate evaluation (29). 

Additionally, we found that oleylamine sur- 
factants play a large role in the growth of mono- 
disperse platinum nanocrystals. When the amount 
of oleylamine in the growth solution was de- 
creased (0 to 3%), platinum crystal foils and 
dendrites were observed (fig. S3). 

In summary, we have observed the dynamic 
growth of colloidal platinum nanocrystals in so- 
lution with subnanometer resolution by using a 
TEM. The evolution of monodisperse platinum 
nanocrystals involves complex growth trajectories, 
such as punctuated growth correlated with co- 
alescence events, features that have not been 
considered in the classical models for nanocrystal 
growth. Considering coalescence as an alterna- 
tive to simple growth by attachment of mono- 
meric species, we expect that growth by particle 
attachment may also play an important role in 
the synthesis of nanocrystals with more complex 
shapes. More generally, we have shown that in 
situ TEM enables the visualization of single nano- 
particles in solution with subnanometer resolution 
and offers great potential for addressing many 
fundamental issues in materials science, chemis- 
try, and other fields of science. 
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Large-Area Synthesis of High-Quality 
and Uniform Graphene Films on 


Copper Foils 


Xuesong Li,? Weiwei Cai,” Jinho An,? Seyoung Kim,” Junghyo Nah,” Dongxing Yang,* 
Richard Piner,? Aruna Velamakanni,? Inhwa Jung,” Emanuel Tutuc,? Sanjay K. Banerjee,” 


Luigi Colombo,?* Rodney S. Ruoff?* 


Graphene has been attracting great interest because of its distinctive band structure and physical 
properties. Today, graphene is limited to small sizes because it is produced mostly by exfoliating 
graphite. We grew large-area graphene films of the order of centimeters on copper substrates by 
chemical vapor deposition using methane. The films are predominantly single-layer graphene, with a 
small percentage (less than 5%) of the area having few layers, and are continuous across copper 
surface steps and grain boundaries. The low solubility of carbon in copper appears to help make this 
growth process self-limiting. We also developed graphene film transfer processes to arbitrary substrates, 
and dual-gated field-effect transistors fabricated on silicon/silicon dioxide substrates showed electron 
mobilities as high as 4050 square centimeters per volt per second at room temperature. 


raphene, a monolayer of sp”-bonded car- 

bon atoms, is a quasi-two-dimensional 

(2D) material. Graphene has been attract- 
ing great interest because of its distinctive band 
structure and physical properties (/). Today, the 
size of graphene films produced is limited to 
small sizes (usually <1000 um) because the films 
are produced mostly by exfoliating graphite, 
which is not a scalable technique. Graphene has 
also been synthesized by the desorption of Si 
from SiC single-crystal surfaces, which yields a 
multilayered graphene structure that behaves like 
graphene (2, 3), and by a surface precipitation 
process of carbon in some transition metals (4-8). 
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Electronic application will require high- 
quality large-area graphene that can be manipu- 
lated to make complex devices and integrated 
in silicon device flows. Field-effect transistors 
(FETs) fabricated with exfoliated graphite have 
shown promising electrical properties (9, 70), but 
these devices will not meet the silicon device 
scaling requirements, especially those for power 
reduction and performance. One device that 
could meet the silicon roadmap requirements 
beyond the 15-nm node was proposed by S. K. 
Banerjee et al. (1/). The device is a “BisFET” 
(bilayer pseudospin FET) that is made up of two 
graphene layers separated by a thin dielectric. 
The ability to create this device can be facilitated 
by the availability of large-area graphene. 
Making a transparent electrode, another prom- 
ising application of graphene, also requires large 
films (6, 12-14). 

At this time, there is no pathway for the 
formation of a graphene layer that can be ex- 
foliated from or transferred from the graphene 
synthesized on SiC, but there is a way to grow 


and transfer graphene grown on metal substrates 
(5-7). Although graphene has been grown on a 
number of metals, we still have the challenge of 
growing large-area graphene. For example, 
graphene grown on Ni seems to be limited by 
its small grain size, presence of multilayers at the 
grain boundaries, and the high solubility of car- 
bon (6, 7). We have developed a graphene chem- 
ical vapor deposition (CVD) growth process on 
copper foils (25 um thick in our experiment). The 
films grow directly on the surface by a surface- 
catalyzed process, and the film is predominantly 
graphene with <5% of the area having two- and 
three-layer graphene flakes. Under our process- 
ing conditions, the two- and three-layer flakes do 
not grow larger with time. One of the major 
benefits of our process is that it can be used to 
grow graphene on 300-mm copper films on Si 
substrates (a standard process in Si technology). 
It is also well known that annealing of Cu can 
lead to very large grains. 

As described in (5), we grew graphene on 
copper foils at temperatures up to 1000°C by 
CVD of carbon using a mixture of methane and 
hydrogen. Figure 1A shows a scanning electron 
microscopy (SEM) image of graphene on a 
copper substrate where the Cu grains are clearly 
visible. A higher-resolution image of graphene 
on Cu (Fig. 1B) shows the presence of Cu surface 
steps, graphene “wrinkles,” and the presence of 
non-uniform dark flakes. The wrinkles associated 
with the thermal expansion coefficient difference 
between Cu and graphene are also found to cross 
Cu grain boundaries, indicating that the graphene 
film is continuous. The inset in Fig. 1B shows 
transmission electron microscopy (TEM) images 
of graphene and bilayer graphene. With the use of 
a process similar to that described in (/6), the as- 
grown graphene can be easily transferred to 
alternative substrates, such as SiO./Si or glass 
(Fig. 1, C and D), for further evaluation and for 
various applications; a detailed transfer process is 
described (/5). The process and method used to 
transfer graphene from Cu was the same for the 
SiO,/Si substrate and the glass substrate. Al- 
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though it is difficult to see the graphene on the 
Si0,/Si substrate, a similar graphene film from 
another Cu substrate transferred on glass clearly 
shows that it is optically uniform. 

We used Raman spectroscopy to evaluate the 
quality and uniformity of graphene on a Si0,/Si 
substrate. Figure 2 shows SEM and optical im- 
ages with the corresponding Raman spectra and 
maps of the D, G, and 2D bands providing in- 


Fig. 2. (A) SEM image 
of graphene transferred 
on Si0,/Si (285-nm-thick 
oxide layer) showing wrin- 
kles, as well as two- and 
three-layer regions. (B) Op- 
tical microscope image of 
the same regions as in (A). 
(©) Raman spectra from 
the marked spots with cor- 
responding colored circles 
or arrows showing the pres- 
ence of one, two, and three 
layers of graphene. a.u., ar- 
bitrary units. (D to F) Ra- 
man maps of the D (1300 
to 1400 cm’), G (1560 to 
1620 cm’), and 2D (2660 
to 2700 am) bands, re- 
spectively (WiTec alpha300, 
Maser = 532 nm, ~500-nm 
spot size, 100x objector). 
CCD cts., charge-coupled 
device counts. Scale bars, 
5 um. 
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formation on the defect density and film thick- 
ness. The Raman spectra are from the spots 
marked with the corresponding colored circles 
shown in the other panels (in Fig. 2, A and B, 
green arrows are used instead of circles so as to 
show the trilayer region more clearly). The 
thickness and uniformity of the graphene films 
were evaluated via color contrast under optical 
microscope (/7) and Raman spectra (7, 18, 19). 


Fig. 1. (A) SEM image of 
graphene on a copper foil with 
a growth time of 30 min. (B) 
High-resolution SEM image 
showing a Cu grain boundary 
and steps, two- and three-layer 
graphene flakes, and graphene 
wrinkles, Inset in (B) shows TEM 
images of folded graphene 
edges. 1L, one layer; 2L, two 
layers. (C and D) Graphene 
films transferred onto a 
SiO,/Si substrate and a glass 
plate, respectively. 
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The Raman spectrum from the lightest pink 
background in Fig. 2B shows typical features of 
monolayer graphene: (i) a ~0.5 G—to—2D inten- 
sity ratio and (11) a symmetric 2D band centered 
at ~2680 cm with a full width at half maxi- 
mum of ~33 cm |. The second lightest pink flakes 
(blue circle) correspond to bilayer graphene, and 
the darkest one (green arrow) represents trilayer 
graphene. This thickness variation is more clearly 
shown in the SEM image in Fig. 2A. The D map 
in Fig. 2D, which has been associated with 
defects in graphene, is rather uniform and near 
the background level, except for regions where 
wrinkles are present and close to few-layer 
regions. The G and the 2D maps clearly show 
the presence of more than one layer in the flakes. 
In the wrinkled regions, there are peak height 
variations in both the G and 2D bands, and there 
is a broadening of the 2D band. An analysis of 
the intensity of the optical image over the whole 
sample (1 cm by | cm) showed that the area with 
the lightest pink color is more than 95%, and all 
40 Raman spectra randomly collected from this 
area show monolayer graphene. There is only a 
small fraction of trilayer or few-layer (<10) 
graphene (<1%), and the rest is bilayer graphene 
(~3 to 4%). 

We grew films on Cu as a function of time 
and Cu foil thickness under isothermal and iso- 
baric conditions. Using the process flow de- 
scribed in (/5), we found that graphene growth 
on Cu is self-limited; growth that proceeded for 
more than 60 min yielded a similar structure to 
growth runs performed for ~10 min. For times 
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Fig. 3. (A) Optical micro- 
scope image of a graphene A 
FET. (B) Device resistance 
versus top-gate voltage 
(Vj), with different back- 
gate (Vg) biases, and ver- 
SUS Vic Voiracte Vie at the 
Dirac point), with a model 


fit (solid line). 
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much less than 10 min, the Cu surface is usually 
not fully covered [SEM images of graphene on 
Cu with different growth time are shown in 
fig. S3 (/5)]. The growth of graphene on Cu 
foils of varying thickness (12.5, 25, and 50 ttm) 
also yielded similar graphene structure with re- 
gions of double and triple flakes, but neither 
discontinuous monolayer graphene for thinner 
Cu foils nor continuous multilayer graphene for 
thicker Cu foils, as we would have expected 
based on the precipitation mechanism. Accord- 
ing to these observations, we concluded that 
graphene is growing by a surface-catalyzed pro- 
cess rather than a precipitation process, as has 
been reported by others for Ni (5—7). Monolayer 
graphene formation caused by surface segrega- 
tion or surface adsorption of carbon has also 
been observed on transition metals such as Ni 
and Co at elevated temperatures by Blakely and 
coauthors (20-22). However, when the metal 
substrates were cooled down to room temper- 
ature, thick graphite films were obtained because 
of precipitation of excess C from these metals, in 
which the solubility of C is relatively high. 

In recent work, thin Ni films and a fast- 
cooling process have been used to suppress the 
amount of precipitated C. However, this process 
still yields films with a wide range of graphene 
layer thicknesses, from one to a few tens of lay- 
ers and with defects associated with fast cooling 
(5-7). Our results suggest that the graphene 
growth process is not one of C precipitation but 
rather a CVD process. The precise mechanism 
will require additional experiments to understand 
in full, but very low C solubility in Cu (23-25) 
and poor C saturation as a result of graphene sur- 
face coverage may be playing a role in limiting or 
preventing the precipitation process altogether 
at high temperature, similar to the case of im- 


peding of carburization of Ni (26). This provides a 
pathway for growing self-limited graphene films. 

To evaluate the electrical quality of the syn- 
thesized graphene, we fabricated dual-gated FETs 
with Al,O3 as the gate dielectric and measured 
them at room temperature. Along with a device 
model that incorporates a finite density at the 
Dirac point, the dielectric, and the quantum ca- 
pacitances (9), the data are shown in Fig. 3. The 
extracted carrier mobility for this device is ~4050 
cm’ V s7, with the residual carrier concentra- 
tion at the Dirac point of np = 3.2 x 10'' em. 
These data suggest that the films are of rea- 
sonable quality, at least sufficient to continue 
improving the growth process to achieve a ma- 
terial quality equivalent to the exfoliated natural 
graphite. 
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Superconductivity at the 
Two-Dimensional Limit 


Shengyong Qin, Jungdae Kim, Qian Niu, Chih-Kang Shih* 


Superconductivity in the extreme two-dimensional limit is studied on ultrathin lead films down to 
two atomic layers, where only a single channel of quantum well states exists. Scanning tunneling 
spectroscopy reveals that local superconducting order remains robust until two atomic layers, 

where the transition temperature abruptly plunges to a lower value, depending sensitively on the 
exact atomic structure of the film. Our result shows that Cooper pairs can still form in the last two- 
dimensional channel of electron states, although their binding is strongly affected by the substrate. 


tudies of two-dimensional (2D) super- 
conductivities have been generally limited 
to the regime where the superconducting 
order parameter behaves as a 2D wave func- 


tion but the underline electrons are still three- 
dimensional (/—//). Recent advancements in 
materials synthesis have enabled the growth of 
epitaxial superconductor thin films with unprec- 
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edented control in crystallinity, atomic smooth- 
ness, and film thickness, thus opening up new 
opportunities in investigations of 2D supercon- 
ductivity (7—/6). Studies of superconducting prop- 
erties of ultrathin Pb films on Si or Ge substrates 
by transport, magnetic, and spectroscopic mea- 
surements have revealed several new aspects of 
2D superconductivity (7—//), such as quantum 
oscillations of the superconducting order param- 
eter as a function of the film thickness (7, 8). 
Moreover, D. Eom et al. discovered that su- 
perconductivity remains surprisingly robust, even 
for films as thin as 5 monolayers (ML) (8). 
However, even in such thin films, there still 
exist several quantum well channels (/7). It is 
unclear how much mixing between them occurs 
and how such mixing influences superconduc- 
tivity. Consequently, some very interesting ques- 
tions arise: Could it be possible to engineer a 
superconducting thin film with only one quan- 
tum well channel? Moreover, what will be the 
superconducting properties at this ultimate 
limit, and in particular, to what extent does the 
robustness of superconductivity remain at this 
limit? 

The transition temperature (7) as a function 
of the film thickness (Fig. 1) shows oscillations 
for L > 5 (where L is the number of atomic 
layers) that have been reported previously, as 
well as new data for the thinnest films down to 
L=2, which is the last Pb film that can be stable 
according to the quantum growth principle (/8). 
More notably, L = 2 also corresponds to the 
single quantum channel regime: Along the (111) 
crystal direction, kp = 0.45 1/d, where ky is the 
Fermi wave vector, and d is the spacing be- 
tween lattice planes, giving rise to the condi- 
tion of kpL ~ m for the existence of a single 
quantum well channel. As the film thickness 
decreases, one first observes an increase of the 
quantum oscillations of T., followed by a dra- 
matic drop of 7. to substantially lower values 
at the ultimate limit of 2 ML. In addition, we 
find that there are two different types of L = 2 
films, which differ in subtle atomic recon- 
structions but have a substantial difference 
in Ty 

The fabrication of pristine ultrathin films 
requires a careful preparation of the substrate, 
resulting in a Pb-Si reconstruction template 
containing a mixture of V3 «V3 and V7 xV3 
structures (fig. S1) (19-22). This procedure re- 
sults in a uniform 2-ML Pb film on the tem- 
plate (Fig. 2A). There are two types of 2-ML 
Pb films (labeled as type I and II); each type 
resides on an individual terrace. A zoom-in view 
shows that type I has an underlying 1 x 1 atomic 
structure with a moiré pattern periodicity of ~3.0 
nm (Fig. 2B), whereas type II has an underlying 
V3 x /3 atomic structure (oriented 30° with 
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respect to the 1 x 1 structure) with a moiré 
pattern periodicity of ~4.4 nm (Fig. 2C). 
Moreover, the underlying 1 x 1 structure in type 
I has the same surface lattice parameter (3.50 + 
0.10 A) as the bulk Pb to within 3%, whereas 
the /3 x V3 structure in type II has a lattice 
parameter of 6.50 + 0.15 A, which is very close 
to that of the Si/3 x3 structure, implying the 
existence of a pseudomorphic strain. 


REPORTS 


Although in this image, type I is more abun- 
dant, investigations over more than 100 terraces 
show that there is no preferential abundance of 
either type. Most notably, we never observe a 
mixed phase of type I and II on the same terrace. 
Often, type II contains small holes of 2- to 6-nm 
in diameter that extend down to the substrate. On 
type I film, however, holes are formed at the 
descending edge of the terrace. Such holes ex- 


Fig. 1. Superconducting transition 7.0 
temperature (7.) as a function of 

film thickness. As the film thickness os 
decreases, an increase of the quan- 6.0 
tum oscillations of T. was observed, & 
followed by a dramatic drop of T, to @ 55 
substantially lower values at the 2 
ultimate limit of 2ML.AtL=2,two 6 5.0 
different kinds of films result intwo  & 
different T. values. The data point 4.5 
at L = 3 is absent because it is £6 
thermodynamically unstable to ; 
form a film of 3 ML. The old data 35 t 


(8) were acquired on films grown 1 
on Si(111) 7 x 7, whereas the new 
data (2, 4, and 5 ML) were acquired 


23 4 5 6 7 8 9 10 11 12 13 14 15 16 


Thickness (ML) 


on films grown on a new Pb-Si(111) template. Determination of 7, and error bars are described in the 


supporting online material. 


Fig. 2. (A) STM image of a 
uniform 2-ML Pb film. (B and 
C) STM images of two types 
of 2-ML Pb films (labeled as 
type | and Il); each type re- 
sides on an individual terrace. 
Insets are zoom-in views, 
showing that type | has an 
underlying 1 x 1 atomic struc- 
ture with a moiré pattern 
periodicity of ~3.0 nm (B), 
whereas type II has an under- 
lying V3 x V3 atomic 
structure with a moiré pattern 
periodicity of ~4.4 nm (QO. 
The orientation of the \/3 x 
\/3 atomic structure is rotated 
30° with respect to the 1 x 1 
structure. (D) Tunneling spec- 
troscopy of QWS on two types 
of films, revealing the same 
level spacing and relative 
positions to Fr. a.u., arbitrary 
units. 
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Fig. 3. (A) Normalized conductance spectra acquired at various temperatures 
for type | films. The superconducting gap is clearly visible at 3.4 K and gradually 
disappears as the temperature is raised to 6.0 K. (B) Normalized conductance 
spectra (nonblack colors) taken by STM were fitted using the BCS-like formula for 
the tunneling conductance (black). (C) The energy gaps (A) for several 
temperatures were obtained from (B) and plotted as blue squares. The blue 
curve is a fitting of these energy gap data using a BCS-like gap equation to obtain 
aT, of ~4.9 K for the type | film. (D) Tunneling measurements of the type II 2-ML 


films. The superconducting gap did not show until the temperature dropped to 
3.5 K. We estimated the 7, to be ~3.65 + 0.15 K. (E) Large-area STM image of 
2-ML Pb film. The two terraces labeled with “II” are type II films, and the rest of 
the terraces are type I. (F and G) d?//dV* mapping at 4.0 K (128 x 128 pixels 
with a pixel resolution of 10.1 nm) at sample biases of —0.89 and 0.89 mV, 
respectively. First, a large superconductivity contrast between type | and II films 
was revealed; next, the superconductivity on the same terrace was shown to be 
very uniform, with clear boundaries at the terrace edges. 


pose the substrate template atomic structure, and 
they allow one to conveniently determine the 
thickness of the film. 

Despite this structural difference, these two 
types of 2-ML films have almost identical elec- 
tronic structure in the normal state (23). Tunnel- 
ing spectroscopy (Fig. 2D) reveals the same 
quantum well states (QWS) level spacing and 
relative positions to the Fermi level (Z,). This 
result indicates that the electron density is 
similar for the two types of films, implying a 
similar atom density. However, such measure- 
ments are not sensitive enough to tell if there is 
a small difference (i.c., a few percent) in 
electron density between these two structures. 

The superconducting properties of these two 
types of films, on the other hand, are different. 
Figure 3A shows tunneling spectra acquired 
at various temperatures for type I films. The 
superconducting gap is clearly visible at 3.4 K 
and gradually disappears as the temperature is 
raised to 6.0 K. These spectra can be fitted with 
the Bardeen-Cooper-Schrieffer (BCS)like den- 
sity of states (DOS) to obtain a temperature- 
dependent superconducting gap A(7), which 
allows us to obtain a T, of ~4.9 K for the type 
I film (79, 24). However, tunneling measure- 


ments of the type II film (Fig. 3C) did not show 
any superconducting gap until the temperature 
drops to 3.5 K, at which point a small gap is 
observed. Because the 7, is very close to the 
lower temperature limit of our scanning tunneling 
microscopy (STM), we did not measure enough 
temperature-dependent data points to fit for the 
T. value. Nevertheless, we estimated the 7, to be 
~3.65 + 0.15 K. 

To further illustrate spatial variation of the 
superconducting property, we plotted the 2D 
mapping of the second derivative of the current- 
voltage (/-V) curve near the steepest slope of the 
gap-opening regions. Figure 3E shows a large- 
area STM image, and Fig. 3, F and G, shows 
d°I/dV? mapping at biases of —0.89 and 0.89 
mV, respectively. Not only does such a second 
derivative spectroscopic image reveal the large 
superconductivity contrast between type I and II 
films, but also it further shows that super- 
conductivity on the same terrace is very 
uniform, with clear boundaries at the terrace 
edges. 

On such films, one can occasionally find a 
local region containing coexistence of 4 and 
5 ML (Fig. 4A), which allows us to probe the 
transition region from the ultimate 2-ML limit to 


thicker regimes that have previously been inves- 
tigated. On the same sample (and on several 
subsequently prepared samples), we were not 
able to find any region with 3-ML film. Even 
4-ML regions are quite rare and only can be 
found when they are connected to 5-ML re- 
gions. We take these results as indication of 
thermodynamic instability at these film thick- 
nesses due to quantum size effect, a subject of 
extensive investigation in recent years (12—/8). 
The findings here are consistent with earlier 
studies, except that they are in an even thinner 
regime. 

The temperature-dependent normalized con- 
ductance spectra acquired on 4- and 5-ML films 
(Fig. 4B) clearly show that the gap in 4-ML 
films is always deeper than that in 5-ML films 
at all temperatures. Using the same fitting 
method, we get the temperature-dependent gap 
A(T), which was fitted with BCS theory, and we 
were able to obtain a 7, value of 6.7 K for the 
4-ML film and 6.3 K for the 5-ML film (Fig. 
4C). The contrast in J, between 4- and 5-ML 
films illustrates the continuation of the quantum 
oscillations in the superconducting gap reported 
earlier, except that here the oscillation amplitude 
is further enhanced in the thinner regime (Fig. 1). 
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Fig. 4. (A) STM image of 4- and 5-ML films. (B) Temperature-dependent normalized conductance 
spectra acquired on 4- and 5-ML films. The gap in 4-ML film is always deeper than that of 5-ML 
film at all temperatures. (C) Fitting with BCS temperature-dependent superconducting gap A(T) for 
4- and 5-ML and type | 2-ML films. The data consist of results from three independent runs and are 
labeled with different symbols. T, values of 6.7 K for the 4-ML film and 6.3 K for the 5-ML film 
were obtained. (D) Tunneling spectra with a larger bias range acquired above 7, for 4- and 5-ML 


regions, showing QWS. 


Consistent with this interpretation are the loca- 
tions of the QWS of these two thicknesses (Fig. 
4D), where one observes that 4-ML films contain 
a QWS peak closer to Er. 

Theoretically, a simple jellium model 
predicts that quantum oscillations of the 
DOS (and, thus, many electronic properties) 
would increase in amplitude toward thinner 
thicknesses (/7). It is interesting to see that 
quantum oscillations of the 7, follow the 
same trend. This trend persists down to 4-ML 
films where two quantum channels still exist. 
However, such a robust superconducting 
behavior takes a substantial dive at 2 ML 
when only one quantum channel exists. 

The observation of persistent supercon- 
ductivity in all but the last stable film (2-ML 
film), as shown in Fig. 1, is in sharp contrast 
with results obtained from transport and mag- 
netic susceptibility studies (7, 9). Starting from 
large film thicknesses, 7, shows an overall 
decreasing trend with the thinning of film 
thickness. In these studies, phase coherence of 
the superconducting order parameter over large 
scales is required in manifestation of super- 
conductivity, and such phase coherence can 
easily be affected by scatterings. The gradual 
degradation of superconductivity was attributed 


to scattering from roughness at interfaces with 
the substrate and the covering materials (these 
other studies were performed ex situ on films 
covered with a protective layer) (7, 9). On the 
other hand, our probe is of local nature and is 
sensitive to the magnitude, rather than the phase, 
of the order parameter. Moreover, we take 
special care in the preparation of the substrate, 
and the Pb film surface is maintained intact in 
ultrahigh vacuum throughout the measurement 
stage. 

Still, two key questions remain: Why does 
the 7, drop at 2 ML, and why are the 7, values 
different for type I and II? We believe that the 
answer might lie in the fact that even such a 
pristine film needs to be supported on a sub- 
strate. Film-substrate interactions can play an 
important role in influencing the superconduc- 
tivity, especially in the 2-ML limit when there 
is only a single quantum channel of electronic 
states to support the formation of Cooper pairs 
or local superconducting ordering. As we 
described earlier, there are two different atomic 
arrangements for the 2-ML films: In type I, the 
underlying 1 x 1 atomic structure has the same 
lattice parameter as the bulk Pb, whereas in type 
Il, the /3 x V3 atomic structure assumes a 
similar lattice constant as the Si V3 x V3 
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structure. This result indicates that the type II 
film is under tensile strain laterally. The phonon 
spectrum and the interaction of phonons with 
the electrons should be considerably different 
(25-27), resulting in a further reduction of 7.. 
For films of 4 ML or thicker, the atomic struc- 
ture is close to the bulk atomic structure. With 
two or more quantum channels of electronic 
states to support the formation of Cooper pairs, 
the effect of substrate can be markedly reduced. 
If this conjecture is correct, one might be able to 
fine tune the strength of superconducting or- 
dering in the single-channel limit by engineering 
the film/substrate interface. 
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Social Transmission of a Host Defense 
Against Cuckoo Parasitism 


Nicholas B. Davies*t and Justin A. Welbergen 


Coevolutionary arms races between brood parasites and hosts involve genetic adaptations and 
counter-adaptations. However, hosts sometimes acquire defenses too rapidly to reflect genetic 
change. Our field experiments show that observation of cuckoo (Cuculus canorus) mobbing by 
neighbors on adjacent territories induced reed warblers (Acrocephalus scirpaceus) to increase the 
mobbing of cuckoos but not of parrots (a harmless control) on their own territory. In contrast, 
observation of neighbors mobbing parrots had no effect on reed warblers’ responses to either 
cuckoos or parrots. These results indicate that social learning provides a mechanism by which hosts 
rapidly increase their nest defense against brood parasites. Such enemy-specific social transmission 
enables hosts to track fine-scale spatiotemporal variation in parasitism and may influence the 
coevolutionary trajectories and population dynamics of brood parasites and hosts. 


arwin’s concept of the “entangled bank” 
D (J) captures an ecological world in which 

organisms evolve in response to changes 
not only in the physical environment but also in 
their competitors, predators, and parasites. 
Cuckoo-host interactions involve adaptations 
and counteradaptations in response to selection 
from the host and the parasite (2, 3) and are a 
model for investigating the outcome of biotic 
changes involving coevolution. However, host 
defenses can be costly. Attacking and mobbing an 
adult cuckoo can reduce the chance that the host 
nest is parasitized, but may attract nest predators 
or other brood parasites and can put the mobbers 
themselves at risk (4). Egg rejection may redeem 
a host’s reproductive investment but entails a risk 
in that the host could reject its own eggs rather 
than the parasite egg (5). Therefore, defenses are 
advantageous only above a threshold level of 
parasitism (6, 7). A host population may experi- 
ence conditions on either side of this parasitism 
threshold because of fine-scale spatial and 
temporal variation in the parasitism rate (4, 8, 9). 
Therefore, individual hosts would maximize their 
fitness by adjusting their defenses according to 
local cuckoo activity. As predicted, the propensity 
to mob adult cuckoos increases with local 
parasitism risk (4), and hosts are more likely to 
reject eggs or desert nests if they see a cuckoo at 
their nest (5, 10, 1/). Phenotypically flexible host 
behavior is thus likely to explain small-scale 
geographical variation in host defenses, as well as 
result in rapid changes in defenses at a site within 
seasons and between years (4, 9, /2). 

Host responses to adult cuckoos might in- 
volve learning, which would permit hosts to fine- 
tune defenses to the magnitude of the local threat 
(13). Hosts of the common cuckoo (Cuculus 
canorus) introduced from Britain to New Zea- 
land some 130 years ago, and isolated from that 
brood parasite ever since, have retained the be- 
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havior of rejecting foreign eggs but, unlike their 
ancestral populations in Europe, do not mob a 
cuckoo mount (/4). In general, birds isolated 
from predators are less responsive to nest ene- 
mies but can rapidly learn to increase their 
response, either from their own experience of 
predation or by observing others mobbing an 
enemy (/3, /5). This suggests that introduced 
birds might have lost their response to adult 
cuckoos through lack of experience with parasit- 


ism rather than genetic change (/4). In central 
Japan, common cuckoos began to parasitize azure- 
winged magpies (Cyanopica cyana) 40 years ago 
(/6). Initially, magpies showed little defense, but 
aggression toward cuckoos and egg rejection 
increased more rapidly than can be explained by 
a change in host genotypes. Instead, it suggests that 
these birds learned to respond to the cuckoo and to 
exhibit a preexisting, but phenotypically flexible, 
egg rejection behavior (/6). 

Hosts might learn to increase their defenses 
against adult cuckoos from direct experience. 
However, opportunities for individual learning 
are limited because cuckoos are very secretive 
when surveying prospective hosts, and their lay- 
ing visits are often extremely short [~10 s (3)]. 
Furthermore, close inspection by hosts may be 
dangerous because cuckoos resemble potentially 
lethal sparrowhawks (Accipiter nisus) (17). It is 
also possible that hosts increase defenses through 
social learning. When individual learning is cost- 
ly and environments are variable, models suggest 
that it is beneficial to use the behavior of others as 
a source of information about local conditions 
(78). Such information could be socially trans- 
mitted, enabling individuals to modify their be- 
havior by observing others (79). Social learning 
could lead to rapid cultural transmission of 
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defenses in local host populations if naive birds 
learn to mob a novel enemy by observing a 
conspecific mobbing it, and then socially trans- 
mit the response to other individuals (20). 

In fenland sites in Cambridgeshire, UK, where 
reed warblers (Acrocephalus scirpaceus) are the 
main cuckoo host (5), we found a striking di- 
chotomy in reed warbler responses to cuckoo 
mounts placed next to their nests (4). At 48% of 
nests observed (n = 191), the warblers mobbed 
the mounts, most of them intensively, with threat 
postures, swoops, and direct attacks, accompa- 
nied by loud rasp calls and bill snaps. However, at 
52% of nests, there was no mobbing response, 
and warblers retreated after a brief inspection of 
the mount. Part of this variation is related to the 
degree of parasitism risk. Reed warblers were 
more likely to risk close inspection and mob if 
their nest was more vulnerable to parasitism (4). 
However, even at high-risk sites, many reed war- 
blers did not mob. These were more likely to be 
younger, inexperienced birds, because earlier 
breeders both mobbed more (4) and were likely 
to be older, returning breeders (2/). Our previous 
experiments showed that a resident pair’s mobbing 
calls often attracted birds from neighboring ter- 
ritories (22). It is unlikely that reed warblers 
produced mobbing calls in order to attract neigh- 
bors, because mobbing calls were given irrespec- 
tive of whether other pairs were nesting nearby, 
and attracted neighbors were often chased away 
(22). Nevertheless, neighbors could eavesdrop on 
residents’ mobbing behavior and thus learn about 
the danger of cuckoos. 

In order to test whether reed warblers ac- 
quire or enhance their mobbing defense through 
social learning from experienced individuals, we 
examined the response to model cuckoos and 
parrots (parrots were chosen to represent a nov- 
el, harmless intruder) (2/7). At 41 focal nests, we 
first recorded the baseline response to models as 
the number of mobbing signals (rasp calls and 
mandible snaps) given within 5 min after the 
arrival of the first focal warbler to within 1 m of 
the model (2/). Then, the focal pair was given 
Fig. 3. Change in a 100 4 
focal pair's time to first 
approach to cuckoo and 
parrot models presented 


at their own nest, after 504 
experiencing mobbing of 
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an opportunity for social learning by the place- 
ment of either a model cuckoo or a model parrot 
next to the nest on the adjacent, neighboring 
territory. Therefore, each focal pair experienced 
neighbor mobbing of only one of the two mod- 
els, either a cuckoo (n = 24 nests) or a parrot 
(n = 17 nests). To encourage a mobbing re- 
sponse from the neighbors and to attract the 
focal pair into the neighboring territory, a loud- 
speaker broadcast reed warbler mobbing signals 
near the model for 10 min (2/). After this play- 
back period, we recorded the mobbing signals 
of the neighboring birds for 1 min. Finally, we 
retested the focal pair with both a cuckoo and a 
parrot model at their own nest, and then again 3 
to 6 days later. We predicted that if social 
learning was specific for the mobbing stimulus, 
then the focal pair’s mobbing would increase 
only in response to the model mobbed on the 
neighboring territory. 

Focal pairs were attracted to the models (to 
a distance of <2 m) at the neighbors’ nest in 
the majority of cases [25 out of 27 (25/27); in 
14/41 trials, the vegetation was too dense to 
record focal bird activity]. They were as likely 
to be attracted to the neighbors’ nest during par- 
rot trials (11/11) as during cuckoo trials (14/16; 
Fisher’s exact test, P = 0.499). Reed warblers 
normally mob model cuckoos much more strong- 
ly than model parrots (4), but our data show that 
the playback stimulated equally strong neighbor 
mobbing of both models. Neighbors were as 
likely to mob the parrot (14/17) as the cuckoo 
model (19/24; P = 1.0) and gave as many mob- 
bing signals to the parrot (mean + 1 SE, 57.1 + 
17.9/min) as to the cuckoo (66.4 + 14.9/min; 
t test, f4 = 0.40, P = 0.692). Therefore, parrot 
and cuckoo presentations on neighboring terri- 
tories provided equal opportunities for social 
learning by the focal birds. The proportion of 
neighbors that mobbed the cuckoo after hearing 
the playbacks was significantly higher than the 
proportion of focal pairs that mobbed the cuck- 
00 in baseline trials (19/24 versus 18/41; x? = 
7.68, df = 1, P = 0.006). Thus, not only does 


neighboring territory. 
The figure plots mean + 
SE change in approach 


Change in approach time (s) 


time from trials before to 50+ 
trials after observation of 


neighbor mobbing. There 
was an effect of mobbing 
experience on the neigh- 
boring territory (Fi,73.0 = 


Cuckoo 


After cuckoo mobbing by neighbors 


T T T 
Parrot Cuckoo Parrot 
After parrot mobbing by neighbors 
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mobbing attract neighboring individuals (22), it 
can also be induced by mobbing signals [re- 
sponse facilitation (/9)] and so is a likely can- 
didate for social transmission. 

Nevertheless, when a parrot was mobbed on 
the neighboring territory it had no effect on the 
mobbing of either parrots or cuckoos by focal 
pairs at their own nests. In contrast, neighbors 
mobbing a cuckoo led to a marked increase in 
focal pair mobbing, but only of cuckoos, not of 
parrots (Fig. 1). Therefore only cuckoo mobbing 
led to a response, and furthermore, observational 
conditioning (19) was specific to cuckoos. This 
result is not confounded by the fact that focal 
individuals that experienced cuckoo mobbing on 
a neighboring territory encountered a cuckoo three 
times during our experimental trials, whereas 
those that experienced parrot mobbing encoun- 
tered cuckoos just twice (2/). 

After experiencing neighbor mobbing of a 
cuckoo, all 11 focal pairs that mobbed the cuck- 
oo in their first, baseline trial increased their 
cuckoo mobbing, and 7/13 focal pairs that did not 
mob the cuckoo on the first trial now did so (Fig. 
2). We were unable to explain why six of the pairs 
retained a nonmobbing response; the increase in 
mobbing by the focal pair was not related to 
whether we saw them attracted to the neighbors’ 
nest (F135 = 0.35, P= 0.581), nor to the magni- 
tude of the neighbors’ mobbing response (F) 17.3 = 
0.08, P= 0.776). Fourteen of the 24 focal pairs that 
experienced neighbor mobbing of cuckoos were 
retested with the cuckoo model 3 to 6 days later 
(23); their mobbing response was still significantly 
higher than on the first, baseline trial (paired ¢ test, 
ti3 = 2.55, P = 0.024) and as strong as on the 
previous post-social learning trial (¢;3 =—1.19, P= 
0.255), indicating that any increased mobbing 
response was retained. 

Cuckoo mobbing by neighbors alerted the 
focal pair, resulting in a relatively quicker inspec- 
tion of both cuckoo and parrot mounts as com- 
pared to parrot mobbing (Fig. 3). This suggests 
that focal pair attention is directed at the neighbor 
responses toward specific enemies, not just at any 
intruder. This response to cuckoos is most likely 
adaptive because female cuckoos have laying 
territories (5), and cuckoo activity on a neigh- 
bor’s territory signals an increased risk of para- 
sitism (4). More rapid inspection of potential nest 
enemies is typical of reed warblers nesting in 
sites with a high risk of parasitism (2/). The 
specific increase in cuckoo mobbing (Fig. 1) 
suggests that reed warblers may be predisposed 
to learn to target cuckoos. However, it is also 
possible that response intensity increased toward 
the cuckoo mounts because our procedures 
added to their stimulus salience because of prior 
experience with cuckoos, which could not have 
been the case for parrots. Predispositions to learn 
to respond to stimuli relevant to survival and re- 
production have been demonstrated in rhesus 
macaques (Macaca mulatta), in which social 
learning readily leads to fear of snakes but not of 
harmless stimuli, such as flowers and rabbits (24). 
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Reed warblers distinguish cuckoos from other 
nest enemies (22) and specifically adjust cuckoo 
mobbing to local parasitism risk (4). The speci- 
ficity of social learning observed here provides 
evidence that mobbing is a phenotypically plastic 
trait, adaptive in the context of brood parasitism. 
We suggest that naive individuals may learn from 
bolder birds or from those who, by chance, ob- 
served a cuckoo depredate or parasitize their nest. 
Further experiments are needed to test whether 
social learning leads only to a change in the 
perception of parasitism risk or also may involve 
the refining of a template for cuckoo recognition, 
akin to the genetic predispositions that guide 
learning in other contexts (/3). 

Social learning could trigger a marked in- 
crease in host defenses; by focusing on neigh- 
bors’ responses to adult cuckoos, focal pairs not 
only increase cuckoo mobbing as a front line of 
defense (4) but are also alerted to increased 
vigilance (//) and egg rejection (5, 10). There- 
fore, our results support the hypothesis that rapid 
changes in host defenses (/4, 16) may reflect 
social transmission of responses to adult cuckoos 
as nest enemies. Social learning has implications 
for the coevolutionary trajectories of brood para- 


sites and hosts because it promotes phenotypic 
plasticity that can drive or impede genetic evolu- 
tion (25). Furthermore, by influencing how rap- 
idly hosts lose or gain defenses, social learning 
may affect the population dynamics of both 
brood parasites and hosts (26). 
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Epigenetic Temporal Control of Mouse 


Hox Genes in Vivo 


Natalia Soshnikova? and Denis Duboule?’2* 


During vertebrate development, the temporal control of Hox gene transcriptional activation follows the 
genomic order of the genes within the Hox clusters. Although it is recognized that this “Hox clock” 
serves to coordinate body patterning, the underlying mechanism remains elusive. We have shown that 
successive Hox gene activation in the mouse embryo is closely associated with a directional transition in 
chromatin status, as judged by the dynamic progression of transcription-competent modifications: 
Increases in activation marks correspond to decreases in repressive marks. Furthermore, using a mouse 
in which a Hox cluster was split into two pieces, we document the necessity to maintain a clustered 
organization to properly implement this process. These results suggest that chromatin modifications are 
important parameters in the temporal regulation of this gene family. 


ox genes, which are generally arranged 
Ht: clusters at genomic loci, are essential 

for patterning the anterior to posterior 
animal body axis (/—3). In vertebrates, these 
genes are activated in a time sequence that fol- 
lows their physical order within the cluster, a 
process referred to as temporal collinearity (4). 
This property is observed in animals developing 
their trunk via a rostral to caudal time sequence, 
yet the underlying molecular mechanism is elu- 
sive (5, 6). A progressive transition in chromatin 
state was hypothesized (7, 8), whereby an ini- 
tially repressed configuration becomes open for 
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transcription. The subsequent observation of chro- 
matin decondensation at these loci when tran- 
scription is induced supported this hypothesis (9). 

Hox genes are repressed by Polycomb group 
(PcG) proteins (70). Mutation of PcG genes induces 
ectopic Hox expression and results in posterior 
homeotic transformations (//, /2). PcG proteins 
form large complexes with histone-modifying 
activities; for example, Polycomb Repressive 
Complex 2 (PRC2) trimethylates histone H3 at 
lysine 27 (H3K27me3) (/3—/6), an essential modi- 
fication for long-term repression of target genes. In 
contrast, Trithorax group (TrxG) proteins antago- 
nize PcG proteins and activate target gene expres- 
sion (/0). TRX complexes trimethylate histone H3 
at lysine 4 (H3K4me3), a mark generally associated 
with active transcription (/7). Genome-wide studies 
of both H3K27me3 and H3K4me3 modifications 
in embryonic stem cells (ESC) and other cultured 
cells have revealed specific profiles during the 
maintenance phase of Hox gene expression in vitro 


(18-21). We looked at the in vivo dynamics of 
chromatin marks during the sequential activation 
of Hoxd genes in developing murine tail buds. 

We dissected out mouse tail buds during late 
somitogenesis when the last Hox genes become 
transcribed (22) and performed expression pro- 
filing at E8.5 (embryonic day 8.5), E9.0, and 
E9.5 (Fig. 1A) using tiling arrays covering 2 Mb 
of DNA containing the HoxD cluster. This high- 
ly syntenic region (23) also contains four ubiq- 
uitously expressed genes, Atp5g3, Lnp, Mtx2, 
and Hnrpa3, and two gene deserts (fig. S1). 
Transcription of Hoxd1 to Hoxd9 was active at 
all three time points (Fig. 1B), reflecting the 
onset of Hox gene transcription during early 
gastrulation. However, transcriptional progres- 
sion was observed for more posterior genes, with 
Hoxd10 and Hoxd11 transcribed at E9.0 (Fig. 
1B), whereas by E9.5 transcriptional activity had 
spread over Hoxd12, Hoxd13, and the nearby 
neighbor gene Evx2 (Fig. 1B). Low transcript 
levels were detected for Hoxd/3 before activation 
of Hoxd10 (Fig. 1B, arrow). 

We mapped the sites occupied by RNA poly- 
merase II using chromatin immunoprecipitation 
combined with hybridization on tiling array 
(ChIP-chip) (Fig. 1B and fig. $1). The Pol Il pro- 
file corresponded to transcribed regions; whereas 
virtually no Pol II was scored centromeric to 
Hoxd10 at E8.5, signals were detected for both 
Hoxd10 and Hoxd1/ at E9.0. At E9.5, the whole 
centromeric part of the cluster was fully occupied 
by Pol Il (Fig. 1B), indicating that it was recruited 
in a collinear manner too. In agreement with tran- 
script profiling, a weak Pol II binding was scored 
at the Hoxd/3 locus at E8.5. Similarly, high levels 
of H3K9/K14 acetylation (AcH3) were found in 
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E8.5 tail buds, covering from Hoxd1 to Hoxd9 
(Fig. 1B). However, AcH3 marks were also scored 
over the silenced Hoxd10 and Hoxd11 (Fig. 1B, 
arrowheads). Along with the transcriptional acti- 
vation of these two genes, the levels of AcH3 were 
expanded to cover the entire gene cluster by day 
9.5, matching both the presence of Pol II and the 
robust transcription of the Hoxd10 to Hoxd13 
interval. As for Hox genes, AcH3 modification 
appeared at the Evx2 locus before Pol II binding 
was scored, consistent with a role for this modi- 
fication in transcriptional initiation (/7). 

We next investigated the status of both H3K27 
and H3K4 trimethylation. H3K27me3 levels were 
assessed in E8.5 and E9.5 tail buds and in ESC. In 
ESC, consistent with previous studies (19, 20), 
H3K27me3 marks, associated with transcriptional 
repression, covered the entire gene cluster (Fig. 2). 
Accordingly, transcription of Hoxd genes was not 
detected in these cells (Fig. 2, RNA). During 
collinear activation in tail buds, a complete loss of 
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H3K27me3 mark was progressively observed over 
the telomeric part of the cluster, initially from Hoxd/ 
to Hoxd4 at E8.5 and subsequently extending until 
HoxdlIl at E9.5 (Fig. 2). Because H3K27me3 
disappeared upon gene activation, we conclude that 
tail bud cells that do not express any Hox gene do 
not implement this repression. H3K27me3 marks 
slightly overlapped with transcriptionally active 
regions, for example, over the Hoxd/1-Hoxd12 loci 
at E9.5 (Fig. 2 and fig. S2), likely illustrating some 
temporal heterogeneity in the activation of Hoxd 
genes within neighboring cells. Also, samples may 
have included mixtures of cells expressing and cells 
not expressing a particular Hox gene because of the 
anterior-posterior extent of the dissected domains. 
Finally, the H3K27me3 signals were higher over the 
silenced part of the Hox gene cluster in E8.5 tail bud 
cells than in ESC, suggesting that a tighter repres- 
sion is implemented during axial development. 

We checked whether this progressive demeth- 
ylation of H3K27 was paralleled by an increased 
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Fig. 1. Collinear activation of Hoxd genes during axial development. (A) E8.5, E9.0, and E9.5 
embryos, with dissected samples indicated in red. Scale bar, 200 um. (B) Transcript profiles on 
tiling arrays using reverse-transcribed total RNA (green). Bound RNA Pol II (orange) and the AcH3 
pattern (magenta) are also displayed for the HoxD cluster. The y axis indicates the log. ratio of 
cDNA/genomic DNA or ChiP-enriched/input signal intensity. 
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trimethylation of H3K4. Consistent with previous 
results (24), we scored low levels of H3K4me3 over 
HoxD in ESC, with residual signals on CpG islands 
(Fig. 2). In E8.5 tail buds, however, H3K4me3 
marks drastically increased and covered the telo- 
meric part of the cluster up to both Hoxd10 and 
Hoxd11, which are still silenced at this time point 
(Fig. 2). Therefore, as for AcH3, H3K4me3 marks 
were detected before Pol II binding and prelabeled 
future sites of transcription. At E9.5, elevated levels 
of H3K4 trimethylation over the Hoxd/2 and 
Hoxd1/ loci corresponded to their robust transcrip- 
tional activation (Fig. 2). Altogether, temporal collin- 
earity in tail buds corresponds to chromatin 
dynamics, progressing along the cluster and involv- 
ing the removal of H3K27me3 marks, the methyla- 
tion of H3K4, and the acetylation of H3. 
Transcriptional activation along the gene cluster 
occurs within a region of transition between 
H3K27me3 and H3K4me3 marks, a window that 
shifts with time toward the centromeric extremity of 
the cluster (fig. S2). 

This collinear chromatin dynamic suggests a 
mechanism whereby modifications would spread 
from the telomeric extremity of the cluster to the 
opposite end. We assessed this possibility by using 
mice where the HoxD cluster is split into two pieces, 
separated by a 3-Mb inversion (25) (Fig. 3A). In this 
configuration, the Hoxdl] to Hoxd13 region 
becomes isolated from the rest of the cluster. This 
allows a test of whether early establishment and 
dynamic progression of both H3K27me3 and 
H3K4me3 marks require an integral gene cluster. 

From Hoxd! to Hoxd9, the mutant (inv) tran- 
script profile was as in wild type (Fig. 3B), dem- 
onstrating that cis regulations required to initiate 
transcription of these genes either lie within this 
segment of the cluster or are telomeric (26). How- 
ever, differences were observed close to the break 
point. First, Hoxd/0 was transcribed at E8.5, where- 
as this gene is normally silent at this stage. Second, 
ectopic antisense transcripts were detected in the 
small posterior half-cluster (fig. S3A), likely trig- 
gered by the new genomic neighborhood. As in 
wild type, premature Hoxd/3 transcription was 
scored in inv mutants, indicating that this transcrip- 
tional activity does not require telomeric-located 
regulatory sequences controlling other genes of the 
cluster. This late-occurring leakage in temporal col- 
linearity may reflect the spurious activity of 
enhancers located nearby and dedicated to strongly 
activate this gene in subsequent morphological con- 
texts (27). In E9.5 inv tail buds, neither Hoxd/2 nor 
Hoxd11 showed transcriptional increase (fig. S3B). 
Their expression was slightly elevated between E8.5 
and E9.5 but remained very low when compared to 
the wild-type situation. On the other side of the 
breakpoint, Hoxd/0 transcription peaked as in wild 
type, whereas transcripts located upstream of 
Hoxd10 and originating from the Hoxd/1 locus 
were reduced in amount due to the break (fig. S3B). 

ChIP-chip analyses of H3K4me3 distribution 
in E8.5 homozygous inv tail buds showed en- 
richment over the Hoxd/2 to Hoxd10 region, on 
both sides of the break point (Fig. 3C), whereas 
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Fig. 2. Chromatin marks during temporal collinearity. 
Transcriptional activities (green) are shown in ESC and in 
E8.5 and E9.5 embryos. In ESC, a 120-kb domain is decorated 
by H3K27me3 (blue), yet at rather low density. In the embryo, 
H3K27me3 marks progressively retract from the telomeric to 
the centromeric extremity of the cluster. In addition, levels of 
H3K27me3 modifications found over silenced genes are higher 
than in ESC. Low enrichment (logs < 1) for H3K4me3 (red) 
marks all CpG islands within HoxD in ESC, as opposed to the 
strong levels (logz = 4) detected over Hoxd1 to Hoxd9 at E8.5. 
An increase (logz < 3) in H3K4me3 marks was also detected at 
the silenced Hoxd10, Hoxd11, and Evx2 loci at this early stage, 
in the absence of detectable transcripts. 


Fig. 3. Transcriptional activation in a split HoxD cluster. (A) 
Scheme of the /ntegrin-alphaé (Itga6)-HoxD inversion (in gray). 
Dashed lines and arrowheads indicate both breakpoints (BP1 
and BP2), either between exons 24 and 26 of /tga6 or between 
Hoxd11 and Hoxd10. The inversion positions the centromeric 
Hoxd13 to Hoxd11 DNA segment 3 Mb away from the rest of the 
cluster. (B) Transcript profiles (green) in wild-type (wt) and 
mutant (inv) tail buds at E£8.5. Animals with a split cluster 
activate Hoxd10 prematurely (E8.5, *1). Only the RNA 
representing the Hox-coding DNA strand is shown (see also 
fig. S3A). The position of both the break point (BP2) and the 
3-Mb interval is indicated. (C) Enlargement of the Hoxd13 to 
Hoxd8 region shown in (B) with both H3K4me3 (red) and 
H3K27me3 (blue) profiles in E8.5 tail buds. Elevated levels of 
H3K4me3 marks are scored over Hoxd10, Hoxd11, and Hoxd12 
(black arrows and arrowheads). H3K27me3 marks are reduced 
at and around the Hoxd10 locus (red arrowheads) and, to a 
lesser extent, over Hoxd11 and Hoxd12 (red arrows). 
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the profile from Hoxd9 to Hoxd1 was compara- 
ble to wild type. The robust gain in H3K4me3 
marks over Hoxd12 was not scored in older wild- 
type tail buds (fig. S2) and did not match any 
transcriptional activity, neither for Hoxd/2 nor 
for Hoxd1] (Fig. 3B). In this case, both Hoxd/1 
and Hoxd12 were ready to be transcribed (28), yet 
they remained silent because they were moved 
away from the required enhancer sequence lo- 
cated telomeric to the breakpoint. In contrast, in- 
creased H3K4 trimethylation on the other side of 
the breakpoint (Fig. 3C) matched the premature 
activation of Hoxd10. 

The DNA interval decorated by H3K27me3 
marks in inv mutants was virtually identical to wild 
type (Fig. 3C), indicating that an integral cluster is 
not necessary to define the initial extent of the re- 
pressive domain; H3K27me3 marks were posi- 
tioned over posterior genes even though these genes 
were disconnected from the rest of the cluster, thus 
ruling out the existence of a spreading mechanism 
sensu stricto for the implementation of this repres- 
sion. In addition, the overall density of these marks 
on both sides of the break point was considerably 
below the wild-type situation (Fig. 3C). In the pos- 
terior half-cluster, H3K27me3 marks were distrib- 
uted almost as in wild type over Evx2 and Hoxd/3, 
whereas a decrease was scored over the Hoxd12 to 
HoxdI1 intergenic region and 3’ to Hoxd11 (Fig. 
3C). In the anterior half-cluster, a similar reduction 
was detected at the Hoxd/0 locus, consistent with its 
premature activation and, to a lesser extent, over 
Hoxd9 (Fig. 3C). This weakening in H3K27me3 
signal over Hoxd10 was not observed at the wild- 
type locus, even in older tail buds (fig. S2). The gen- 
eral decrease in H3K27 trimethylation around the 
break point suggests that a dense coverage of the 
HloxD cluster by this histone modification requires an 
intact clustered configuration. Whereas isolated parts 
of the gene cluster can be trimethylated at H3K27 
independently of one another, these various parts may 
cooperate and synergize to mediate a dense pattern of 
methylation, potentially through local cis interactions. 

These results shed light on the general regulatory 
strategy implemented by Hox gene loci during the 
earliest steps of mouse trunk development. Unlike in 
Drosophila, mammalian Hox gene loci appear re- 
fractory to transcription before transcription initiates, 
as indicated by high levels of H3K27me3 marks 
covering the HoxD locus early on. This likely re- 
flects the necessity to prevent the premature activa- 
tion of posterior genes at a time when anterior 
structures are being determined, which would be 
deleterious to the embryo. During gastrulation, this 
repression is counteracted by an activity progressing 
from the telomeric to the centromeric extremity of 
the cluster, illustrated by both an elevation of 
H3K4me3 level and the demethylation of 
H3K27me3. The region of transition between these 
two states of chromatin corresponds to the dynamic 
window wherein Hoxd genes become transcription- 
ally active. Alternatively, Hox genes could be ac- 
tivated from a persisting pool of nonexpressing stem 
cells. In this view, the chromatin modifications ob- 
served in our samples reflect the average of suc- 
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cessive waves of transcriptional activation rather 
than a dynamic process occurring in the same cells. 
We do not favor this possibility because such a pool 
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transcription, similar imbalances at the inverted 
Hoxd11 and Hoxd12 \oci did not elicit the same 
transcriptional response. From this, we conclude 
that H3K4me3 chromatin modification is necessary 
but not sufficient for proper Hox gene transcriptional 
control and that remote enhancer sequences must 
have contributed to the maintenance of clustered 
organization during animal evolution. 
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McsB Is a Protein Arginine Kinase 
That Phosphorylates and Inhibits the 
Heat-Shock Regulator CtsR 


Jakob Fuhrmann,* Andreas Schmidt,2* Silvia Spiess,? Anita Lehner,” Kiirgad Turgay,* 
Karl Mechtler,”> Emmanuelle Charpentier,*® Tim Clausen*t+ 


All living organisms face a variety of environmental stresses that cause the misfolding and 
aggregation of proteins. To eliminate damaged proteins, cells developed highly efficient stress 
response and protein quality control systems. We performed a biochemical and structural 
analysis of the bacterial CtsR/McsB stress response. The crystal structure of the CtsR repressor, in 
complex with DNA, pinpointed key residues important for high-affinity binding to the promoter 
regions of heat-shock genes. Moreover, biochemical characterization of McsB revealed that McsB 
specifically phosphorylates arginine residues in the DNA binding domain of CtsR, thereby 
impairing its function as a repressor of stress response genes. Identification of the CtsR/McsB 
arginine phospho-switch expands the repertoire of possible protein modifications involved in 
prokaryotic and eukaryotic transcriptional regulation. 


ne of the most intensely studied stress- model organism Bacillus subtilis, the heat-shock 
()= pathways is the bacterial heat- response is mediated by a complex regulatory 
network (/, 2) that is under control of at least four 


shock response. In the Gram-positive 
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major transcriptional regulators, including the al- 
ternative sigma factor oB (3), the two-component 
response regulator CssR (4), and the repressors 
HrcA (5) and CtsR (6, 7). The latter factor, CtsR, 
controls the expression of genes encoding the 
HSP100/Clp chaperones and the protease ClpP 
(6, 8) that constitute the core of the bacterial 
protein quality control system (9, /0). CtsR is 
encoded by the first gene of the c/pC operon that 
includes ctsR, mcsA, mcsB, and clpC (6). The 
dimeric repressor consists of an N-terminal do- 
main with a helix-turn-helix (HTH) motif and a 
C-terminal domain of unknown function (//). In 
B. subtilis, CtsR represses transcription of the c/pC 
heat shock operon and the c/pE and c/pP genes 
by binding specifically to a seven-nucleotide 
direct repeat sequence located upstream of the 
transcriptional start sites (7). Stress-induced tran- 
scription of the c/p genes depends on the in- 
activation of CtsR by McsB (/2). McsB shows 
pronounced homology to phosphagen kinases 
(PhKs) and has been reported to exhibit tyrosine 
kinase activity (/2, 13). Under normal growth 
conditions, McsB is captured and inhibited by 
ClpC. However, when bacteria are exposed to 
stress situations, the ClpC chaperone preferen- 
tially interacts with misfolded proteins. It is as- 
sumed that the released McsB can now form a 
complex with CtsR, thereby displacing it from 
DNA and inducing the expression of heat-shock 
genes (14). Alternatively, the phosphorylation of 
CtsR by McsB may be critical for the release of 
the repressor from DNA (/2). To clarify and de- 
lineate the precise function of CtsR and McsB in 
the bacterial stress response, we screened the re- 
spective proteins from various Gram-positive bac- 
teria for recombinant production and succeeded in 
reconstituting the Bacillus stearothermophilus 
CtsR/McsB system in vitro. 

To uncover how McsB modulates the re- 
pressor activity of CtsR, we performed electro- 
phoretic mobility shift assays (EMSAs) (Fig. 1A). 
Addition of CtsR to the 258—base pair (bp) cipC 
promoter containing three césr half sites led to a 
substantial band shift caused by the formation 
of a CtsR4/DNA complex. Addition of McsB 
yielded two lower migrating bands that repre- 
sent CtsR2/DNA and free DNA. The McsB- 
dependent release of CtsR was observed only in 
the presence of Mg/adenosine triphosphate (ATP), 
whereas addition of EDTA or phosphatase coun- 
teracted the effect of McsB. Because no protein- 
protein interaction could be detected by native 
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gel analysis or size exclusion chromatography, 
we speculated that McsB and CtsR interact tran- 
siently and that phosphorylation of CtsR by 
McsB abolishes its binding to DNA. To test this 
hypothesis, CtsR was incubated with McsB in 
the presence of ATP, and subsequently, phos- 
phorylated CtsR (CtsR-P) was separated from 
nonphosphorylated CtsR by heparin affinity 
chromatography (Fig. 1B). Mass spectrometry 
(MS) analysis of CtsR-P revealed two protein 
species with either one or two phosphate moieties 
per protomer (Fig. 1B). In contrast to unmodified 
CtsR, the isolated CtsR-P cannot bind to its target 
DNA, as deduced from isothermal titration calo- 
rimetry (ITC) and gel-shift experiments (Fig. 1, C 
and D). Removal of the phosphate group by 
alkaline phosphatase fully restored the DNA 
binding capability of CtsR. Thus, phosphoryl- 
ation of CtsR by McsB is sufficient to inhibit the 
repressor function of CtsR. 

To understand how phosphorylation of 
CtsR affects DNA binding, we determined the 
crystal structure of CtsR bound to a 26-bp DNA 
derivative of the c/pC promoter (table S1). The 
CtsR»/DNA structure revealed that the CtsR 
protomer is composed of two distinct domains: 
(i) an N-terminal DNA binding domain that 
adopts the winged HTH fold (residues 2 to 72) 


and (11) a C-terminal dimerization domain (resi- 
dues 79 to 153) that consists of four o helices 
organized in a four-helix bundle (Fig. 2A). The 
DNA reading heads of the major and minor 
groove comprise the recognition helix of the 
HTH motif and the extended B-hairpin wing, 
respectively. Key residues for recognizing and 
binding the cts consensus sequence are indicated 
in Fig. 2A and fig. S3. After obtaining a molecular 
model of the CtsR/DNA complex, we used MS to 
pinpoint individual phosphorylation sites. Our 
initial analyses of “in-solution” and “‘in-gel’” di- 
gested CtsR-P were not successful; thus, we at- 
tempted to sequence mono-phosphorylated CtsR 
in a “top-down” MS experiment (Fig. 2B). 
Purified CtsR-P was directly infused into the mass 
spectrometer and fragmented by different tech- 
niques including electron-capture dissociation 
(ECD), collisionally activated dissociation (CAD), 
and infrared multiphoton dissociation IRMPD). 
Mapping of the resulting modified protein frag- 
ments to the CtsR amino acid sequence revealed 
that the phosphorylation sites reside in the 
winged HTH domain. Furthermore, the broad 
distribution of modified fragments pointed to the 
existence of product isoforms with different phos- 
phorylation sites. The highest probability for a 
phosphorylation event was observed for the region 
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Fig. 1. Phosphorylation of CtsR impedes DNA binding. (A) EMSA analysis of the DNA binding 
capability of CtsR in the presence of McsB. CtsR was incubated with a clpC promoter fragment, McsB 
(+, 2 uM; ++, 8 uM), EDTA, and phosphatase (P-ase), as indicated. The promoter fragment, which was 
visualized by ethidium bromide staining of the native polyacrylamide gel, was either bound to one 
(CtsR>/DNA) or two (CtsR,/DNA) CtsR dimers. (B) Schematic presentation of the separation of CtsR-P 
from CtsR and McsB by heparin chromatography (left) and deconvoluted MS spectra of CtsR (average 
mass of 19047.2 daltons) and CtsR-P (19127.2 and 19207.1 daltons for mono- and di- 
phosphorylated isoforms, respectively) (right). (C) ITC analysis of CtsR2/DNA complex formation. 
The 26-bp DNA duplex containing the ctsr box was injected into the sample cell containing either 
CtsR or CtsR-P (inset). The area under each peak was integrated and plotted against the molar ratio 
DNA/CtsR inside the sample cell. Thermodynamic values of CtsR/DNA complex formation are Ky = 
22.2 + 3.0 nM and n = 0.53 (reflecting the stoichiometry of bound DNA per CtsR protomer), whereas 
DNA binding of CtsR-P could not be detected by ITC. (D) EMSA analysis of the DNA binding capability 
of CtsR and CtsR-P, before and after phosphatase treatment. 
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Tyr® to Asp™, making up the B-hairpin wing (Fig. 
2A). A lower, albeit still substantial, number of 
modified fragments matched the N-terminal 
segment from Ser'* to Tyr. 

To identify individual CtsR phosphorylation 
sites, we established a modified protocol for 
sample preparation and MS analysis (/5). Most 
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domain 


winged HTH 
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Phosphorylation probability (arb.units) 


importantly, we implemented ECD and CAD frag- 
mentation in two parallel MS/MS experiments. 
Only the ECD MS/MS spectrum of the phospho- 
rylated CtsR peptide I;;VESKpRGGGGYIRIM,, 
(16) allowed the unambiguous identification of 
Arg” as the site of modification (Fig. 2C). Both 
c- and z-fragment ion series unveiled a fragment 
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Fig. 2. Identification of arginine phosphorylation sites of CtsR. (A) Ribbon diagram showing the CtsR 
dimer (gray, with labeled domains) bound to the DNA direct repeat motif (green). The identified CtsR 
phosphopeptide I;7VESKpRGGGGYIRIM 71, which constitutes the B-hairpin of the winged HTH domain 
penetrating the DNA minor groove, is highlighted in orange. The lower panel illustrates the binding mode 
of Arg® (orange), the main phosphorylation site, at the floor of the DNA minor groove (green). (B) 
Phosphosite mapping with top-down MS. The mono-phosphorylated isoform of full-length CtsR was 
sequenced by three different fragmentation techniques. The blue line represents the average (ave) value 
of the three experimental setups and refers to the number of fragments additionally identified in CtsR-P, 
relative to unmodified CtsR. The residue with the highest phosphorylation score was Arg®?. (C) ECD-MS/MS 
spectrum of the major phosphopeptide I;7VESKpRGGGGYIRIM,, obtained after chymotryptic cleavage of 
phosphorylated CtsR. Individual fragments are labeled according to the c- or z-ion nomenclature. The 
characteristic mass difference of the phosphorylated Arg‘ is highlighted, and the threefold charged 
precursor ion is marked with an asterisk. m/z, mass/charge ratio. 
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of 236.067 daltons, reflecting the addition of a 
phosphate moiety (79.966 daltons) to an Arg res- 
idue (156.101 daltons). Moreover, CAD MS/MS 
of the I;,VESKpRGGGGYIRIM,, phospho- 
peptide resulted in a discrete mass shift of 98 
daltons, indicating the loss of phosphoric acid 
(fig. S1). This fragmentation behavior argues 
against a tyrosine kinase activity of McsB be- 
cause phospho-tyrosine is stable upon CAD frag- 
mentation (/7). Further MS analysis led to the 
identification of two additional phosphoryla- 
tion sites, Arg”* and Arg”? (fig. S2). Consistent 
with the results of the top-down approach, these 
amino acids are located within the winged HTH 
domain. Moreover, all Arg residues are strictly 
conserved in the CtsR protein family and play a 
crucial role in DNA binding, as predicted by our 
crystal structure. Arg” is a residue within the B 
wing and deeply invades the minor groove of the 
DNA duplex. In addition to undergoing exten- 
sive van der Waals contacts, the guanidinium 
group of Arg® forms hydrogen bonds with the 
DNA backbone and with one of the thymine 
pyrimidine carbonyls (Fig. 2A). Similarly, in the 
major groove of the CtsR consensus site, Arg’® 
and Arg? bind to purine bases and coordinate 
the sugar-phosphate backbone, respectively 
(fig. S3). 

To explore the functional relevance of the 
identified phosphosites, we conducted a muta- 
tional analysis of full-length CtsR by introducing 
various Arg-to-Lys mutations. Mutating the tar- 
get sites in position 28, 49, and 62 (3RK) did not 
completely abolish, but did substantially reduce 
the phosphorylation of CtsR by MesB (Fig. 3A). 
Moreover, a mutant protein (SRK), in which the 
eight Arg residues located in the DNA binding 
region were replaced by Lys residues, was com- 
pletely unsusceptible to McsB modification. Re- 
introduction of Arg (7RK) markedly restored 
the phosphorylation potential. To study the direct 
effect of CtsR phosphorylation on DNA bind- 
ing, we replaced Arg by a phosphomimicking 
Glu residue. EMSA experiments clearly demon- 
strated that the Arg — Glu® (R62E) mutant lost 
its capability to bind DNA (Fig. 3B), thus cor- 
roborating our finding that phosphorylation of 
CtsR alone is sufficient to inhibit its repressor 
activity. Conversely, replacing Arg® by Lys 
did not alter the DNA binding ability of CtsR in 
band-shift assays. To test which state of CtsR is 
targeted by McsB, we incubated the kinase with 
DNA-bound and -unbound CtsR. Following the 
interaction with DNA over time revealed that 
McsB preferentially phosphorylates free CtsR, 
thereby preventing DNA complex formation 
(fig. S4). We conclude that the selective introduc- 
tion of a negatively charged phosphate moiety 
functions as a molecular switch regulating DNA 
binding. Whereas the unphosphorylated CtsR 
binds with high affinity to its DNA consensus site 
and inhibits transcription of downstream genes, 
the McsB-phosphorylated CtsR repressor is not 
able to bind to DNA, thus allowing heat-shock 
gene expression. 
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Fig. 3. Characterization of McsB-mediated arginine phosphorylation. (A) Phosphorylation level of CtsR 
Arg mutants analyzed by electrospray ionization—MS. The Arg-to-Lys mutants are 28/49/62 (3RK), 28/36/ 
49/54/62/69/114/125 (8RK), and 28/36/49/54/69/114/125 (7RK). (B) DNA binding ability of different CtsR 
mutants in gel-shift assays. (C) Peptide phosphorylation assay (schematically shown in the inset). (Left) 
Matrix-assisted laser desorption/ionization—time-of-flight spectra of selected peptides after incubation with 
McsB. Non-phosphorylated and phosphorylated peptides are marked in gray and green, respectively. 
(Right) Effect of the exchange of Arg to other potential phospho-acceptor sites (shown in red) on the 


phosphorylation efficiency. 


To verify our finding that McsB is a protein 
arginine kinase, we established an in vitro phos- 
phorylation assay (Fig. 3C) using synthetic oli- 
gopeptides that resembled the CtsR sequence 
(residues 61 to 73). To avoid side effects during 
sample preparation that would preclude quantifi- 
cation of the phosphorylation reaction, we re- 
placed one potential oxidation site (Met’') and 
one arginine (Arg), yielding the 13-residue 
model substrate _Ks;RGGGGYIKIIKV73. Sys- 
tematic incorporation of potential phosphoryl- 
ation sites (Tyr, Ser, Thr, His, Asp, and Lys) in 
position 62 revealed that only peptides with an 
Arg moiety are modified by McsB (Fig. 3C). 
Moreover, modification of the guanidinium 
group of Arg by asymmetric dimethylation 
prevented McsB-mediated modification. Addi- 
tionally, we analyzed the purified phospho- 
peptide Kg;RGGGGYIKIIKV,; by *!P nuclear 
magnetic resonance (NMR) spectroscopy (fig. S5). 
The chemical shift of about —2.4 parts per million 
(ppm) fits well to the measured NMR spectrum 
of free phospho-arginine (—3.0 ppm) (/8), sug- 
gesting that the phosphate is attached via a phos- 
phoramidate N-P linkage. Corresponding spectra 
of O-P linked phosphor compounds (as, for ex- 
ample, phospho-tyrosine, -serine, and -threonine) 
exhibit markedly higher chemical shifts of ~0.7 
to 4.0 ppm (78). Thus, McsB is a protein kinase that 


acts exclusively on Arg residues, phosphorylating 
one of the amine nitrogens of the guanidinium 
group. 

Phosphorylation of the free amino acid 
L-arginine by eukaryotic PhKs yields a chem- 
ically labile compound (/9). We studied the 
CtsR/MesB system of a thermophilic organism 
living at ~55°C and thus explored the thermo- 
stability of a phosphorylated Arg residue present 
in a peptide context. For this purpose, we phos- 
phorylated the Kg, RGGGGYIKIIKV7;3 peptide 
with McsB, incubated the purified phospho- 
peptide at different temperatures, and quantified 
the stability of the phosphorylation signal by 
high-performance liquid chromatography—MS 
analysis. The results clearly showed that peptide 
arginine phosphorylation is surprisingly stable 
up to 60°C. Dephosphorylation of the phospho- 
peptide occurred only at 95°C, with a half life t,, 
of ~130 min (fig. S6). Therefore, phosphoryl- 
ation of protein arginine residues should repre- 
sent a relevant biological signal. 

Sequence analysis indicated that the McsB 
protein arginine kinase exhibits no substantial ho- 
mology to known Ser, Thr, Tyr, or His kinases. 
However, the catalytic domain of McsB is highly 
homologous to the catalytic domain of PhKs 
(12, 13), which are involved in maintaining en- 
ergy homeostasis but not in intermolecular sig- 


naling (20). Mutational analyses revealed that 
McsB and PhKs use a common mechanism to 
phosphorylate the terminal guanidinium group of 
substrates (fig. S7) (14). However, in contrast to 
PhKs where substrate specificity is primarily de- 
termined by the N-terminal domain, McsB har- 
bors a distinct C-terminal domain that may re- 
direct the substrate specificity from free Arg to 
protein-incorporated Arg residues. 

McsB appears to be the founding member of 
a new class of protein kinases acting specifically 
on Arg residues. It should be noted that protein 
arginine phosphorylation has been reported pre- 
viously (2/). Remarkably, histone H3 was iden- 
tified as a potential eukaryotic target (22), 
implying that Arg phosphorylation activity might 
be relevant for epigenetic regulation. However, 
these analyses failed to identify the corresponding 
kinase and obtained only indirect evidence for 
Arg modification. The thorough characterization 
of a protein arginine kinase presented in this work 
should provide the experimental tools to directly 
address the impact of Arg phosphorylation in 
prokaryotic and eukaryotic signaling pathways. 
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Rhes, a Striatal Specific Protein, 
Mediates Mutant-Huntingtin Cytotoxicity 


Srinivasa Subramaniam, Katherine M. Sixt, Roxanne Barrow, Solomon H. Snyder* 


Huntington’s disease (HD) is caused by a polyglutamine repeat in the protein huntingtin (Htt) with 
mutant Htt (mHtt) expressed throughout the body and similarly in all brain regions. Yet, HD 
neuropathology is largely restricted to the corpus striatum. We report that the small guanine 
nucleotide—binding protein Rhes, which is localized very selectively to the striatum, 

binds physiologically to mHtt. Using cultured cells, we found Rhes induces sumoylation of mHtt, 
which leads to cytotoxicity. Thus, Rhes-mHtt interactions can account for the localized 


neuropathology of HD. 


untington’s disease (HD), a genetically 
dominant neurodegenerative disorder, re- 
flects expansion of a polyglutamine re- 
peat in the protein huntingtin (Htt) (/). Mutant 
Htt (mHtt) occurs uniformly throughout the brain 
and peripheral tissues. Yet, HD is brain-specific 
with profound abnormal movements related to 
selective, gross degeneration of the corpus stri- 
atum and lesser damage to the cerebral cortex 


eliciting dementia (2, 3). Molecular mechanisms 
causing mHtt cytotoxicity are unclear. mHtt forms 
protein aggregates, which may be neuroprotective 
with soluble mHtt linked to cytotoxicity (4-7). 
mHtt is sumoylated, which increases the soluble 
form of mHtt and elicits cytotoxicity and neu- 
rotoxicity in a Drosophila model of HD (8). 
Rhes (Ras homolog enriched in striatum) is 
a small guanine nucleotide—binding protein (G 


protein) very selectively localized to the 
striatum (9). To determine whether Rhes binds 
to Htt, we overexpressed Rhes in HEK293 
cells where it bound to both wild-type (wt) Htt 
and mHtt (Fig. 1A) (/0). In conditionally 
immortalized Htt knock-in striatal neuronal cells 
(11), which lack endogenous Rhes (fig. S1C), 
overexpressed Rhes bound robustly to endoge- 
nous mHtt (Fig. 1B). In HD transgenic mice (/2), 
endogenous striatal mHtt coprecipitated with 
Rhes (Fig. 1C). In the presence of purified Rhes 
and Htt, Rhes bound much more to mHtt than 
wtHtt protein (fig. SIA). Rhes did not bind to 
ataxin (fig. S1B), a polyglutamine-repeat protein 
involved in another neurodegenerative disorder, 
spinocerebellar ataxia. 

To ascertain whether Rhes influences mHtt 
cytotoxicity, we used several cell lines. In 
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Fig. 1. Rhes binds Htt and affects cell survival. (A) 
Rhes interacts with N-terminal Htt. HEK293 cells were 
transfected with glutathione S-transferase (GST) or 
GST-Rhes together with Flag-tagged Htt or the N- 
terminal fragment containing 171 amino acids and 18 
glutamines (wtHtt) or 82 glutamines (mHtt). After 48 
hours, cell lysates were glutathione (GSH) precipitated 
and immunoblotted (IB) for Flag. (B) Rhes interacts 
with full-length Htt. Striatal cells expressing wild-type 
Htt (STHdh°””) or mutant Htt (STHdh?77”9"4) were 
transfected with GST or GST-Rhes. After 48 hours, cell 
lysates were GSH-precipitated and immunoblotted for 
Htt. Htt and GST inputs are shown. (C) Rhes interacts 
with mHtt in striatum. Striatum of transgenic mice 
expressing mHtt was lysed and immunoprecipitated 
with Rhes antibody or immunoglobulin IgG alone 
(bead control). Immunoprecipitates were probed with 
an N-terminal—specific Htt antibody (N-Htt). (D) Rhes 
reduces cell survival. HEK293 cells were transfected 
with Myc/Myc-Rhes and wtHtt—mHtt constructs. ***P < 
0.005 versus mHtt alone. (E) Wild-type (STHdh?””) or 
mutant (STHdh?7”?74) ctriatal cells were transfected 
with Myc/Myc-Rhes. ***P < 0.005 versus Myc. (F) 
Depletion of Rhes prevents PC12 cell death. Control 
short hairpin—mediated (shRNA) or Rhes shRNA 1 to 4 
were cotransfected with mHtt. Only shRNA4 was 
significantly cytoprotective (**P < 0.01 versus control 
shRNA). After 48 hours, cell survival was measured by 
MTT. 
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HEK293 cells, overexpression of mHtt or Rhes 
alone did not decrease cell survival. However, 
overexpression of Rhes together with mHtt 
reduced cell survival by 50%, whereas survival 
was normal in cells containing wtHtt and Rhes 


(Fig. 1D). We confirmed that survival of a striatal 
cell line with mHtt is the same as that in cells with 
wtHtt (/3) (Fig. 1E). Overexpression of Rhes in 
mHtt knock-in striatal cells (STHdh2!/2!"") 
(14) reduced cell survival by 60%, whereas over- 


expression of Rhes in wtHtt knock-in striatal 
cells (STHdh?”2’) had no effect (Fig. 1E). 
Rhes’s influences on striatal cell survival were 
concentration-dependent (fig. S2A). Cleaved 
caspase-3, an index of apoptosis, was selectively 
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Fig. 2. Rhes inhibits mHtt aggregate formation. (A) HEK293 cells were a ; =€ 60 
transfected with Myc or Myc-Rhes and Flag-mHtt. At the indicated time points, re Flag 3 7 a 
cells were lysed, the pellet fraction (containing mHtt aggregates plus SDS- IB: Flag = 0 


soluble mHtt), and the soluble fractions (containing only soluble Htt) were 
immunoblotted (IB) for Flag or Rhes. (B) Quantification of aggregated and 
soluble Htt. Fold change compared with results at 18 hours. (C) Rhes increases 
mHtt sumoylation in cells. HEK293 cells were transfected with Myc or Myc-Rhes, 
His-SUMO1 and Flag-mHtt. After 36 hours, cell lysates were immunoprecipi- 
tated (IP) with antibody against Flag-lgG beads and immunoblotted for Flag. 
SUMO-tagged proteins were enriched with TALON metal-affinity resin and 
immunoblotted for Flag or SUMO1. Input lysates were immunoblotted for 


SUMO1, Myc, or Flag. (D) Effect of mHtt-K6,9,15,91R mutation on sumoylation 
and cell survival. HEK293 cells were transfected with GST or GST-Rhes, His- 
SUMO1, and Myc-tagged mHtt or Myc—mHtt-K6,9,15,91R. After 48 hours, the 
SUMO-tagged protein was enriched with TALON metal-affinity resin and 
immunoblotted for Myc. The pellet fraction of the cell lysate was subjected to 
aggregate detection assay. Cell survival was measured by MTT. 


Fig. 3. Rhes enhances sumoylation. (A) Rhes interacts with A B ANS 
Ubc9. HEK293 cells were transfected with GST or GST-Rhes and ¢ xo 
Myc-Ubc9. After 48 hours, cells were lysed, precipitated with GST + - mHtt Ss F& eo 
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augmented in STHdh?!"”2""' cells overexpress- 
ing Rhes (fig. S2B). We examined the role of 
endogenous Rhes in cytotoxicity in PC12 cells, 
which contain endogenous Rhes (fig. S1C). The 
reduction in cell survival associated with overex- 
pression of mHtt was reversed by depleting Rhes 
with RNA interference (fig. S1D and Fig. 1F). 
How might Rhes facilitate mHtt neuro- 
toxicity? When expressed in cells, mHtt, but not 
wtHtt, formed robust aggregates (fig. SIE). mHtt 
is sumoylated, that is, the small ubiquitin-like 
modifier (SUMO) is covalently attached to the 
protein, which decreases mHtt aggregation and 
elicits neurotoxicity (8). We examined the influ- 
ence of Rhes on mHtt aggregation. Rhes over- 
expression markedly reduced aggregation and 
increased levels of soluble mHtt (Fig. 2, A and 
B). We confirmed the sumoylation of mHtt, 
which was markedly augmented in cells over- 
expressing Rhes (Fig. 2C). By contrast, Rhes 
failed to increase wtHtt sumoylation (fig. S3A). 
Because mHtt is both sumoylated and ubiquiti- 
nated at the same lysine (8), we examined the 
effect of Rhes on mHtt ubiquitination. Rhes elic- 
ited a pronounced decrease in mHtt ubiquitina- 
tion (fig. S3B). To ascertain whether sumoylation 
at specific lysines of mHtt determines disaggre- 
gation of the protein, we evaluated mHtt with 
lysine-to-arginine mutations at positions 6, 9, 15, 
and 91 (Fig. 2D). The combined mutations abol- 
ished mHtt sumoylation, as well as disaggrega- 
tion, and reversed the cytotoxicity elicited by Rhes 
overexpression (Fig. 2D). Sumoylation of mHtt 
in cells involved multiple lysines, specifically 
K9, K15, and K91 (fig. S4A). When Arg re- 
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Fig. 4. Rhes function requires cysteine 263. (A) Disaggregation and cell 
death. GST or GST-tagged Rhes (WT, C2635, or S33N) were transfected along 
with Flag-mHtt; Htt aggregation and cell survival were assessed at 48 hours. 
***P < 0.001 versus WT. (B) Sumoylation. HEK293 cells were transfected with 
GST, GST-tagged Rhes (WT, C2635, or $33N), His-SUMO1, and mHtt. After 36 
hours, cell lysates were either immunoprecipitated (IP) with Flag-lgG beads or 
enriched with TALON metal-affinity resin. The precipitate and input were 


placed Lys at residues 15 and 91 (K15R and 
K9IR), these mutations of mHtt markedly di- 
minished Rhes-elicited disaggregation of mHtt 
without influencing Rhes-mHtt binding (fig. S4, 
A and B). 

We next examined the effect of SUMO1 
depletion in HEK293 cells. Depletion by RNA 
interference of SUMO1 (fig. SSA) increased ag- 
gregation of mHtt and abolished the cytotoxicity 
associated with overexpression of Rhes and mHtt 
(fig. SSB). Conversely, overexpression of SUMO1 
caused disaggregation of mHtt and increased 
cell death (fig. SSC). We wondered whether 
SUMO2/3 might sumoylate mHtt in cells lacking 
SUMO! (fig. S6A). We failed to detect any 
sumoylation of mHtt by SUMO2 in the SUMO1- 
deleted cells, consistent with the observation that 
SUMO2/3 is exclusively nuclear, whereas mHtt 
exhibited a granular distribution in the cytoplasm 
(fig. S6B). 

We explored whether Rhes directly regulates 
sumoylation of mHtt. Rhes bound Ubc9, the 
cellular E2 ligase (Fig. 3A), and enhanced 
sumoylation of recombinant mHtt in a time- 
and concentration-dependent manner (Fig. 3B). 
Rhes did not influence wtHtt sumoylation (fig. 
S7A). In these experiments in vitro, sumoylated 
mHtt was a single discrete band. In contrast, with 
intact cells, sumoylated mHtt appeared as a smear, 
probably because of sumoylation at multiple lysine 
residues and/or formation of polySUMO chains. 
Sumoylation was abolished in mHtt-K6,9,15,91R 
mutants (Fig. 3B). We explored the substrate 
specificity of Rhes (Fig. 3, C and D). Rhes aug- 
mented sumoylation of Ran guanosine triphos- 
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phatase (GTPase)-activating protem (RanGAP1) 
and SP100, but failed to elicit sumoylation of 
E2-25K, ubiquitin-conjugating E2 ligase (Fig. 3C). 
Rhes-dependent sumoylation of RanGAP1 was 
evident as early as 1 min (fig. S7B). Higher con- 
centrations of Rhes were required to sumoylate 
inhibitor of nuclear factor kB (IKB) (Fig. 3D). 
Both recombinant Rhes and overexpressed Rhes 
in cultured cells were sumoylated (fig. S8, A and 
B), similar to E3 ligases (/5, 16). 

We conducted a series of experiments to ex- 
amine mechanisms whereby Rhes alters mHtt 
aggregation and cell death. Biological activity of 
small G proteins requires attachment to the cell 
membrane via fatty acid addition to conserved 
cysteines on CXXX domains (/7). Rhes is far- 
nesylated at cysteine 263 (/8). Farnesylation me- 
diates the localization of proteins to the plasma 
membrane, as well as to intracellular membranes 
(19). Mutation of Rhes-C263 abolished its 
sumoylation of mHtt, the disaggregation of mHtt, 
and cytotoxicity (Fig. 4A). Thus, these actions of 
Rhes require cysteine 263. The GTPase function 
of Rhes is mediated by serine 33. Rhes-S33N 
retained its ability to sumoylate and disaggregate 
mHtt and to elicit cytotoxicity and thus disso- 
ciated GTPase activity from sumoylation and/or 
cytotoxicity (Fig. 4, A and B). We explored the 
localization of the farnesylation-deficient mutant 
Rhes-C263S (Fig. 4C). Whereas wild-type Rhes, 
Ubc9, and mHtt occurred in granular structures 
restricted to the cytosol, Rhes-C263S was trans- 
located to the nucleus with negligible staining in 
the cytoplasm. By contrast, GTPase mutant 
Rhes-S33N, which retains sumoylation activity, 
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immunoblotted (IB) for Flag, SUMO1, or GST. (C) Rhes/Ubc9/mHit colocaliza- 
tion. STHdh?27/9274 cells were transfected with GST-Rhes WT, C2635, or S33N 
mutants. After 48 hours, cells were processed for nuclear staining and 
immunostaining with antibodies against Rhes, Ubc9, and Htt. (D) Rhes/Ubc9/ 
mHtt interaction. STHdh?22“92#4 cells were transfected with GST or GST-Rhes 
with WT, $33N, or C263S. After 48 hours, cells were lysed and precipitated with 
GSH beads. The precipitates and inputs were probed for mHtt, Ubc9, or GST. 
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displayed the same intracellular localization as 
wild-type Rhes. Biochemical studies revealed a 
substantial reduction of Rhes-C263S binding to 
Ubc9 and mHtt (Fig. 4D). Finally, Rhes-induced 
mHtt sumoylation occurred both in the soluble 
and membrane fractions (fig. S9). 

In summary, Rhes binds to mHtt and elicits its 
sumoylation, which is associated with mHtt dis- 
aggregation and cell death. In some animal mod- 
els overexpression of full-length mHtt augments 
aggregates in the striatum (20, 2/), although, in 
other models, the overexpression leads to fewer 
or no aggregates (22, 23). In human HD patients 
and several animal models, aggregates are not 
correlated with cell death (5, 20, 24-26). 
Sumoylated mHtt represses nuclear transcrip- 
tion (8). We observed caspase-3 activation in 
Rhes-mHtt cells, and mHtt is known to induce 
cytochrome c release (27). 

Rhes elicits sumoylation of mHtt via a mech- 
anism independent of its GTPase activity but 
which does require cysteine at CXXX domains 
presumably for farnesylation and membrane at- 
tachment. Sumoylation of mHtt, RanGAP1, and 
SP100 occurs in the absence of Rhes but is 
markedly augmented by Rhes. The three well- 
studied SUMO E3 ligases, the PIASy family, 
Pc2, and RanBP2, do not share obvious sequence 
homology with each other (28) or with Rhes, the 
only G protein with demonstrated E3 ligase 
activity. 

Dexras1, a close homolog of Rhes, displays 
the highest levels in the brain, but with no marked 
regional differences (29). Dexras! mediates link- 
ing of nitric oxide (NO) signaling by CAPON, a 
scaffolding protein, which links Dexras! to neu- 
ronal NO synthase (29). NO serves as a guanine 


nucleotide—exchange factor to activate Dexras1. 
Dexras| also mediates neurotoxic iron influx 
following glutamate—N-methyl-p-aspartate neuro- 
transmission (30). 

Our discovery that the striatal-selective pro- 
tein Rhes partners with mHtt to elicit cytotoxicity 
can account for the striatal pathophysiology of 
HD. Although Rhes is uniquely enriched in the 
striatum, it displays detectable cerebral cortical 
levels with negligible values in the cerebellum 
(9, 31). Cortical damage presumably elicits de- 
mentia; however, the cerebellum is relatively im- 
pervious to neurotoxic damage. Because HD can 
be diagnosed many years before the onset of 
symptoms, prophylactic therapy could, in princi- 
ple, prevent or delay the onset of symptoms. 
Drugs that block the binding of Rhes and mHtt 
may thus have therapeutic potential. 
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Mechanoenzymatic Cleavage 
of the Ultralarge Vascular 
Protein von Willebrand Factor 


Xiaohui Zhang,*3* Kenneth Halvorsen,2* Cheng-Zhong Zhang,* 


Wesley P. Wong,’t Timothy A. Springer*t 


Von Willebrand factor (VWF) is secreted as ultralarge multimers that are cleaved in the A2 domain by 
the metalloprotease ADAMTS13 to give smaller multimers. Cleaved VWF is activated by hydrodynamic 
forces found in arteriolar bleeding to promote hemostasis, whereas uncleaved VWF is activated at 
lower, physiologic shear stresses and causes thrombosis. Single-molecule experiments demonstrate that 
elongational forces in the range experienced by VWF in the vasculature unfold the A2 domain, and 
only the unfolded A2 domain is cleaved by ADAMTS13. In shear flow, tensile force on a VWF multimer 
increases with the square of multimer length and is highest at the middle, providing an efficient 
mechanism for homeostatic regulation of VWF size distribution by force-induced A2 unfolding and 
cleavage by ADAMTS13, as well as providing a counterbalance for VWF-mediated platelet aggregation. 


on Willebrand factor (VWF) is the key 
\ / shear-sensing protein in hemostasis and 
is especially important in arterial bleed- 


ing where shear is high (/). VWF is biosynthe- 
sized and stored in the Weibel-Palade bodies of 


endothelial cells in an ultralarge form (ULVWF). 
The VWF 240,000 M, monomer (Fig. 1A) is 
concatenated through specific disulfide bonds at 
both its N and C termini into multimers of up to 
~50 x 10° M, in ULVWF (1, 2). ULVWF is 


secreted in response to thrombogenic stimuli. A 
portion of secreted ULVWEF is bound locally to 
endothelial cells from which it is released and also 
through its A3 domain to collagen at sites of tissue 
injury. Vessel wall-bound VWF multimers, as 
well as multimers free in the bloodstream, are 
extended to a length of up to 15 um by the hy- 
drodynamic forces in shear flow (2). These forces 
induce a conformational change in VWF that ex- 
poses a binding site in the Al domain for the plate- 
let glycoprotein Ib (GPIb) molecule, which enables 
formation of a hemostatic platelet plug (/, 3). 
Within 2 hours after release from endothelium 
into the circulation, ULVWF is converted by 
ADAMTS13 to smaller multimers with a wide 
range of size distributions that are characteristic 
of the circulating pool of VWF (4). Because the 
length of VWF multimers strongly correlates with 
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hemostatic potential, cleavage by ADAMTS13 is 
an important regulatory mechanism. Absence of 
ADAMTS13 results in increased thrombogenic 
potential of VWF and thrombotic thrombocyto- 
penic purpura, a life-threatening disease caused by 
uncontrolled microvascular thrombosis (5). On 
the other hand, mutations in the A2 domain that 
presumably destabilize it cause excessive cleavage 
by ADAMTS13 and a shift in the size distribution 
to smaller VWF multimers with less hemostatic 
potential, resulting in the bleeding disorder known 
as type 2A von Willebrand disease (3, 6). 

VWF is cleaved by ADAMTS13 within the A2 
domain at its Tyr'©°°-Met!™® bond (/, 3, 5, 7, 8). 
Cleavage is activated by shear when A2 is present 
in large VWF concatamers, but not when present 
as the much smaller, isolated domain (5—7). Pre- 
sumably, this is because the tensile forces acting 


on proteins in shear flow increase with protein 
length (9). Shear flow elongates VWF (2), and 
tensile force exerted on the concatamer is thought 
to cause conformational changes in A2 domains 
that enable cleavage (3, 5, 8); the scissile bond is 
likely buried in the native state (J0, //). There- 
fore, partial or complete unfolding may be the 
mechanism for substrate activation (6). Here, by 
directly applying force with laser tweezers (/2, 13) 
to a single A2 domain, we test the hypothesis that 
unfolding and folding of the A2 domain may 
occur at forces that might be experienced by 
VWF in its transit through the circulation or at 
sites of hemostasis and thrombosis, and that force 
acts as a cofactor to unfold A2 for cleavage by 
ADAMTSI3. 

Single, N-glycosylated A2 domains coupled 
to DNA handles through N- and C-terminal Cys 
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Fig. 1. A2 domain unfolding and refolding with laser tweezers. (A) Domain organization of VWF. 
Cysteines and disulfide bonds are shown beneath, and N- and O-linked sites above as filled and open 
lollipops, respectively. (B) Experimental setup. A2 domain (enlarged in inset with ADAMTS13 cleavage 
site indicated by an arrow) is coupled to double-stranded DNA handles, which are bound through tags 
at their other ends to beads held by a laser trap and a translatable (double arrow) micropipette. (C) 
Force on a molecular tether during representative cycles of force increase, decrease, and clamping at a 
constant low level. (D) Force-extension traces during force loading in cycles ii and iii from panel (C). 
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Fig. 2. Unfolding of the A2 domain. (A) A2 domain force-extension data with 
an error-weighted least squares fit to the WLC model (line) (24). Extension 
distances were sorted by unfolding force into 2-pN bins. A histogram of 
extensions for each bin (inset) was fitted to a Gaussian curve (inset, solid line) 
to find peak extension, and force was averaged for that bin. Uncertainty in 
extension is shown as the half width of the Gaussian fit, and uncertainty in 
force is shown as 1 SD. (B) Unfolding force as a function of loading rate. 
Unfolding forces were binned by loading rate and plotted as histograms 
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tags (fig. S1) were suspended between beads held 
in a laser trap and micropipette (Fig. 1B). A2 do- 
mains were subjected to cycles of force increase, 
force decrease, and clamping at a low force to 
enable refolding before the next cycle (Fig. 1C). 
A2 domain unfolding was marked by abrupt 
increase in length of the tether between the two 
beads (Fig. 1C, inset, and 1D, cycle 1i). The 
increase in length at different forces was fitted to 
the wormlike chain (WLC) model (/4) (Fig. 2A), 
which yielded an A2 contour length of 57 + 5 nm 
and a persistence length of 1.1 + 0.4 nm. A2 
N-terminal and C-terminal residues Met!*** and 
Ser'®’! are 1 nm apart in the folded state (/5). 
The total length of 58 + 5 nm divided by an ex- 
tension length of 0.36 nm per residue yields 
unfolding of 161 + 14 residues. This corresponds 
well to complete unfolding of the predicted 177- 
residue A2 domain. 

Over a range of force loading rates, unfold- 
ing force was determined and plotted against the 
logarithm of the loading rate (Fig. 2B). The fit 
to a single-barrier kinetic model (/6) yields an 
unfolding rate in the absence of force, k,°, of 
0.0007 s' (confidence band of 0.0002 s to 
0.003 s”'), and a force scale, Jp, Which exponen- 
tially increases the unfolding rate 4, = koexp( Jip). 
of 1.1 + 0.2 pN. 

A subset of about 20% of unfolding events 
included a discernible pause [defined by four or 
more data points at a short-lived (fig. S3), par- 
tially unfolded intermediate state], which was 
directly observed in force-extension curves (Fig. 
2C). Fit to the WLC model of the A2 extension 
distances (Fig. 2C, inset) shows that the inter- 
mediate state usually lies 40% of the distance 
between the fully folded and unfolded states. 

During the pause at a clamped force between 
each cycle of force decrease and increase, the A2 
domain had the opportunity to refold (Fig. 1C). 
Subsequent unfolding revealed folding during the 
pause (Fig. 1, C and D, cycle ii), whereas a lack 
of unfolding suggested an absence of refolding 
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(inset). The peak of each histogram was plotted against the loading rate; 
uncertainty in y is shown as half of the bin width. A linear fit to the data (line) 
predicts the distributions of unfolding force (inset, lines), which agree well 
with the histograms (inset). (C) Representative force-extension trace for a 
tether pausing at an intermediate state, with three WLC curves (solid lines) 
representing DNA + folded A2, DNA + partially unfolded A2, and DNA + fully 
unfolded A2. (Inset) Extensions of A2 to intermediate (I) and unfolded (U) 
lengths fit to the WLC model (lines). 
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(Fig. 1, C and D, cycle iii). The binary state of the 
domain was further confirmed with force extension 
curves, which have distinct branches for the unfolded 
and folded states (Fig. 1D). The force dependence 
of refolding (Fig. 3) was fitted by using maximum 
likelihood to an f? model, which takes into ac- 
count the soft compliance of the unfolded state 
(16-18): kp = kPexp(f7/2xkgT) (where « is de- 
fined as the effective compliance of the unfolded 
state, kp is the Boltzmann constant, and Tis the 
absolute temperature) (see also fig. S3). We 
found a refolding rate in the absence of force, 
ke =0.54+ 0.05 s |, and compliance, « = 0.18 + 
0.04 pN/nm. 

Using the folding and unfolding rates in the 
absence of force, we can estimate the free energy 
difference between the two states: AG = —kpgT’- 
In(k,. kf) = 6.6 + 1.5 kT (3.9 + 0.9 kcal/mol). This 
is close to the AG of 5.9 + 0.8 kg7 (3.5 + 0.5 kcal/mol) 
estimated from urea-induced unfolding of an 
Escherichia coli A2 fragment (19). 

To test the hypothesis that A2 unfolding is 
required for cleavage by ADAMTS13, A2 was me- 
chanically unfolded in the absence or presence of 
ADAMTS13 and relaxed to a clamped force of 
5 pN (Fig. 4A). At this force, the lifetime of the 
unfolded state is >140 s, which makes refolding 
unlikely during the incubation with ADAMTS13. 
Cleavage by ADAMTS13 was detected as a drop 
in force on the tether to 0 pN (Fig. 4A, left). Spon- 
taneous rupture at 5 pN, Le., the background with 
no enzyme (Fig. 4A, right), was rare (Fig. 4B, 
inset). In experiments with a lower force ramp, 
unfolding sometimes did not occur, as shown by 
lack of the characteristic force-extension signature. 
No cleavage of folded A2 at 5 pN with 100 nM or 
1 uM enzyme was observed. 

With unfolded A2 in the presence of enzyme, 
the fraction of surviving tethers decreased expo- 
nentially with time, which demonstrated first-order 
reaction kinetics and yielded the time constant t 
for cleavage at three different enzyme concen- 
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Fig. 3. A2 domain refolding kinetics. Binary 
refolding events were binned by clamp force and 
time. Standard errors (bars) were calculated as 
(p - (1—p)/n)°°, where p is fraction refolded and 
n is number of events. Overlaid on the data are 
the exponential curves predicted by maximum 
likelihood estimation (i.e., on the data without 
binning) using the t = exp(f*) model. 


trations (Fig. 4B, inset). The observed enzymatic 
rate, 1.e., reciprocal of t, was fitted with the single- 
molecule Michaelis-Menten equation (20), 1/t = 
K.a[ADAMTS13)/([ADAMTS 13] + Ky) (Fig. 4B). 

As the largest known soluble protein, VWF 
has more force exerted on it than any other free 
protein in the vasculature. Hydrodynamics and 
the overall shape and orientation of VWF multi- 
mers in flow are relevant to understanding the 
tensile force exerted on A2 domains within ULVWF 
and trimming by ADAMTS13 (5). In shear flow, 
the rate of fluid flow increases from the wall 
toward the center (Fig. 5, A and B). The product 
of shear rate and viscosity, shear stress (in units of 
force per area) imparts force to particles in shear 
flow that is related to their surface area. Com- 
pared with VWF free in flow, the hydrodynamic 
force at a given shear is much higher on VWF 
immobilized on a vessel wall or bridging two 
platelets free in flow and, at intermediate levels, 
for VWF bound to a single platelet free in flow 
(9, 21). Because of weak attractive interactions 
between domains within each multimer, VWF 
multimers have an overall compact, yarn ball-like 
shape in stasis (2, 22-24). Above a critical shear 
stress of 50 dyn/cm? (/3), the attractive forces are 
overcome by hydrodynamic drag, and VWF free 
in flow periodically elongates and contracts (2, 24) 
(Fig. 5C). Shear flow can be conceptualized as the 
superposition of rotational flow and elongational 
flow (Fig. 5B). The rotational flow causes particles 
to tumble (Fig. 5C). Tumbling is more evident for 
polymers such as DNA (25); the attractive forces 
between VWF monomers appear to keep it large- 
ly zipped up during tumbling, with alternating 
cycles of elongation and compaction that dem- 
onstrate tumbling (Fig. 5C) (2, 24). 

We apply concepts from the field of polymer 
dynamics to VWF. For an extended VWF mul- 
timer with N monomers, the tensile force on a 
monomer increases with distance from the 
nearest end of the multimer (Fig. 5D), and force 
at the middle of the multimer is proportional to 
N? (Fig. 5D) [see estimation of force within 
VWF (J3)] (26). Force increases with the square 
of length because both multimer size and the 
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difference in velocity between shear lamina, in 
which the two ends of the multimer find them- 
selves, increase with length (9, /3, 26). This 
second-power dependence not only has important 
implications for unfolding of the A2 domain and 
cleavage by ADAMTS13 (Fig. 5D), but also ex- 
plains the much greater potency of longer than 
shorter VWF multimers in shear-induced aggre- 
gation of platelets in hemostasis and thrombosis 
U, 5). 

Could the tensile force on VWF free in the 
circulation reach levels in vivo sufficient to ex- 
plain unfolding of the A2 domain and cleavage 
by ADAMTS13? The tensile force is estimated 
[see tumbling time scale (/3)] to reach 10 pN in 
the middle of a VWF 200-monomer multimer at 
the maximal shear stress of 100 dyn/cm? (shear 
rate of 5000 s ') found in healthy vessels in vivo 
(5, 27) (Fig. 5D). Using a loading rate of 25 pN/s 
estimated from the VWF tumbling rate in shear 
(73), the A2 domain typically unfolds at about 
11 pN (peak of the unfolding force distribution) 
(Fig. 2B). The upper size limit of VWF in the 
circulation is variously estimated to correspond to 
a 100-monomer multimer (/) or a 200-monomer 
multimer (2, /3, 22, 23). Thus, our single- 
molecule data on the A2 domain successfully 
predicts the observed upper size limit of VWF 
multimers in vivo as ~200 monomers (Fig. 5D). 
Caveats include uncertainty in the angle of 
maximally extended VWF with respect to flow 
direction, which could influence the magnitude of 
the peak force estimate by several fold [see peak 
force on relaxing, extending VWF (/3)], simplify- 
ing assumptions made in the calculations, and a 
possible contribution of platelets to VWF trim- 
ming (2/, 28). The dynamics of VWF in shear 
flow is an important area of future investigation for 
understanding susceptibility to ADAMTS13, as 
well as activation in hemostasis. 

The existence of a clear threshold for the 
lengths of VWF multimers has been shown in vivo; 
a bolus of ULVWF released from endothelium 
into the circulation is trimmed to the preexisting 
equilibrium length distribution of circulating VWF 
multimers within 2 hours by ADAMTS13 (4). Our 
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Fig. 4. Mechanoenzymatic cleavage of A2 by ADAMTS13. (A) Representative traces showing cleavage in 
the presence of enzyme (left) and no cleavage in the absence of enzyme (right). (B) Enzyme kinetics. The 
hyperbolic dependence of catalytic rate on enzyme concentration was fitted with the single-molecule 
Michaelis-Menten equation (20) (solid line). Data points and standard error were determined from single- 
parameter exponential fits to the survival fraction as a function of time (inset). 
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Fig. 5. Model for mechanoenzymatic cleavage of ULVWF in the circulation. (A) Shear flow in a vessel and 
elongational flow at a site of bleeding. (B) Shear flow may be represented as elongational flow 
superimposed on rotational flow [modified from (25)]. (C) Cartoon of VWF elongating, compressing, and 
tumbling in shear flow. (D) Peak force as function of monomer position in a VWF multimer chain of 200, 
100, or 50 monomers at 100 dyn/cm. Dashed line shows the most likely unfolding force for the A2 
domain at a loading rate of 25 pN/s. (E) Schematic of VWF, with N-terminal end as triangle, A2 as spring, 
and C-terminal end as circle. Elongation results in unfolding of some A2 domains, some of which are 
cleaved (arrows). The resulting fragments are shown. 


analysis illustrates the principles that dictate the 
maximum length of circulating VWF multimers in 
vivo and suggests that the force on VWF free in the 
circulation is sufficient to induce unfolding of the 
A2 domain and cleavage by ADAMTS13. 

Another concept from polymer dynamics (25) 
important for VWF is elongational flow (Fig. 5, 
A and B). Close to a site of hemorrhage, flow will 
transition from shear flow, which has both rota- 
tional and elongational components (Fig. 5A, 
left), to elongational flow (Fig. 5A, right). Al- 
though the actual flow pattern would be complex, 
the overall picture is that tumbling and alternating 
cycles of compression will tend to cease, and VWF 
will only experience elongation. Alignment of 
VWF with the principal direction of elongational 
strain could increase peak tensile force to about 
10 times that experienced in shear flow [see force 
on VWF in elongational flow (/3)]. 

We have definitively established that unfold- 
ing is required for cleavage of the A2 domain by 
ADAMTS13. In a portion of unfolding events, 
we observed an intriguing transient intermediate 
state. In VWF A2, the N-terminal 81 strand is 
central in the fold, whereas the C-terminal 06 
helix is peripheral. Therefore, unfolding induced 
by elongational force will begin at the C terminus 
(/5). Unfolding of 40% of the contour length in 
the intermediate state would thus correspond to the 
unfolding of about 70 C-terminal residues, up to 


and including the B4 strand, which contains the 
scissile Tyr'°°°-Met'®® peptide bond. Studies 
with peptide fragments show that C-terminal, but 
not N-terminal, segments distal from the cleavage 
site are recognized by ADAMTS13 (29). Thus, it 
is possible that ADAMTS13 could recognize and 
cleave the intermediate unfolded state. 

Our single-molecule i... for the ADAMTS13 
enzyme of 0.14 s ’ is in the range of 0.14 to 1.381, 
determined in bulk phase with unfolded peptide 
substrates corresponding to the C-terminal 70 res- 
idues of A2 (//, 30). However, our Ky, of 0.16 uM 
is lower than previous estimates of 1.7 and 1.6 uM 
(1, 30). The lower Ky value determined here 
may reflect a more physiologic state of the sub- 
strate. Notably, different domains within ADAMTS13 
recognize different portions of the unfolded pep- 
tide substrate that are far apart in sequence (29, 30). 
Whereas peptide substrates have essentially ran- 
dom configurations, tension applied to the unfold- 
ed A2 domain partially orders it in one dimension, 
and this more linear configuration may improve 
recognition by the different domains within 
ADAMTS!13. 

VWF will only be exposed to peak shear in- 
termittently during each tumbling cycle and only 
to high shear during transit through arterioles and 
capillaries. The lifetime of about 2 s of the un- 
folded state in the absence of force is longer than 
the time period of peak force exposure (9, /3) 
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and provides a window of opportunity for cleav- 
age by ADAMTS13. Refolding to the correct low- 
energy state of the A2 domain after tension is 
released is another property important for function 
in vivo. Aberrant refolding could permit cleavage 
by ADAMTS13, as is observed with some A2- 
domain preparations from E. coli (31). 

Our single-molecule enzyme assays suggest that 
the rate of VWF cleavage is limited by ADAMTS13 
concentration in vivo, which, at 6 nM (32), is 
substantially below the Ky, of 160 nM and yields 
a time scale for cleavage in vivo of ~200 s. Al- 
though the numbers may be altered for cleavage 
of unfolded A2 within intact VWF, these rough 
estimates are relevant to understanding events in 
vivo. Thus, over the short time periods of <1 s 
important in hemostasis, binding of VWF through 
the Al domain to GPIb on platelets and through 
the A3 domain to collagen on the subendothelium 
should win out over cleavage of the A2 domain by 
ADAMTS13. 

A further wrinkle is added by a cis-proline 
recently discovered in the A2 structure (/5) con- 
sistent with a small number of A2 tethers that 
suddenly stopped refolding and, after a long delay, 
resumed refolding (/3). VWF, bound to platelets 
at sites of hemorrhage, would be exposed to forces 
sufficient to accelerate cis-to-trans peptide isom- 
erization (33) in unfolded A2. A trans-proline 
would be a long-lasting (100- to 1000-s) imped- 
iment to refolding that would enhance cleavage by 
ADAMTS13 during wound repair. 

The A2 domain’s unique lack of protection 
by disulfide bonds within VWF (Fig. 1A) and 
low resistance to unfolding suggest that A2 has 
evolved to be the shear bolt domain of VWF. A 
shear bolt breaks above a designed force thresh- 
old, so as to protect other parts of a machine from 
accidental damage. Similarly, the A2 domain 
unfolds when present in VWF multimers that 
experience high-tensile force and is cleaved by 
ADAMTS13, which results in down-regulation 
of hemostatic activity. 
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Halofuginone Inhibits 1,17 
Cell Differentiation by Activating 
the Amino Acid Starvation Response 


Mark S. Sundrud,* Sergei B. Koralov,? Markus Feuerer,” Dinis Pedro Calado,* 
Aimee ElHed Kozhaya,? Ava Rhule-Smith,* Rachel E. Lefebvre, Derya Unutmaz,? 
Ralph Mazitschek,*°” Hanspeter Waldner,* Malcolm Whitman,®* Tracy Keller,®* Anjana Rao™* 


A central challenge for improving autoimmune therapy is preventing inflammatory pathology 
without inducing generalized immunosuppression. T helper 17 (1417) cells, characterized by 
their production of interleukin-17, have emerged as important and broad mediators of 
autoimmunity. Here we show that the small molecule halofuginone (HF) selectively inhibits mouse 
and human 1,17 differentiation by activating a cytoprotective signaling pathway, the amino acid 
starvation response (AAR). Inhibition of 1417 differentiation by HF is rescued by the addition 

of excess amino acids and is mimicked by AAR activation after selective amino acid depletion. HF 
also induces the AAR in vivo and protects mice from Ty17-associated experimental autoimmune 
encephalomyelitis. These results indicate that the AAR pathway is a potent and selective regulator 


of inflammatory T cell differentiation in vivo. 


aive CD4" T cells differentiate into di- 
Ne: effector and regulatory subsets to 

coordinate immunity to pathogens while 
establishing peripheral tolerance. Besides T};1 and 
Ty2 effector subsets, which produce interferon-y 
(IFN-y) and interleukin-4 (IL-4), respectively, naive 
T cells can differentiate into proinflammatory T 
helper 17 (T}17) cells or tissue-protective induced 
T regulatory (iT, cg) cells (7, 2). Ty17 cells are key 
regulators of autoimmune inflammation; charac- 
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teristically produce IL-17 (IL-17A), IL-17F, and 
IL-22; and differentiate in the presence of inflam- 
matory cytokines, such as IL-6 or IL-21, together 
with transforming growth factor-B (TGF-B) (/, 2). 

The small molecule halofuginone (HF) is a 
derivative of the plant alkaloid febrifugine (3). HF 
has shown therapeutic promise in animal models 
of fibrotic disease and a clinical trial for sclero- 
derma (3—5), but its mechanism of action is un- 
clear. To investigate whether HF could modulate 
T cell differentiation, we stimulated murine T cells 
to induce Ty1, Ty2, iTyeg, or Ty17 differentiation 
and treated these cells with HF or an inactive 
derivative, MAZ1310 (fig. S1, A and B) (6). HF 
selectively inhibited the development of Ty17 
cells with a median inhibitory concentration (ICs9) 
of 3.6 + 0.4 nM (Fig. 1A and fig. S2A). Low 
concentrations of HF that impaired T,;17 differ- 
entiation did not influence Ty1, Ty2, or iTyeg 
differentiation (Fig. 1A and fig. S2A) and had no 
impact on T cell receptor (TCR)-induced cyto- 
kine secretion by naive T cells (fig. S2B). HF also 
repressed IL-17 expression by human T cells with- 
out influencing IFN-y production (Fig. 1B). Con- 
sistent with a previous report (7), 10-fold higher 


concentrations of HF broadly impaired lympho- 
cyte function (Fig. 1A and fig. S2C). Inhibition 
of Ty17 differentiation by HF was most pro- 
nounced when added within the first 24 hours of 
culture (Fig. 1C), was stereospecific (fig. S2D), 
and was not cytotoxic below 100 nM (fig. S2E). 
Although HF treatment delayed S-phase entry 
within 24 hours of TCR activation, these T cells 
recovered thereafter, showing no defect in expan- 
sion kinetics between days 2 and 4 postactivation 
(fig. S3). Moreover, HF suppressed Ty17 dif- 
ferentiation, irrespective of the number of cell 
divisions completed (Fig. 1D), and reduced Ty17 
differentiation when IFN-y and IL-4, cytokines that 
inhibit T}17 differentiation (8), were neutralized 
by antibodies (fig. S4A). 

HF inhibited ///7a and //17f mRNA produc- 
tion without affecting the expression of IL-2 and 
tumor necrosis factor, cytokines expressed by all 
effector T cells (fig. S4B). HF treatment did not 
affect the induction of RORyt and RORa, two 
orphan nuclear receptors induced by Ty17 polar- 
izing cytokines that mediate lineage commitment 
(9, 10) (fig. S4C). Ectopic expression of RORyt 
in T cells did not override the inhibitory effects of 
HF on Ty17 differentiation (fig. S4D), confirm- 
ing that RORyt is not sufficient to drive the 
effector function of Ty17 cells (//). 

HF did not directly inhibit signaling induced 
by TGF-B or IL-6, the two principal cytokines 
that instruct Ty17 differentiation. Although high 
concentrations (>50 nM) of HF were reported to 
impair TGF-B signaling in fibroblasts (4), low 
doses of HF that repress T,;17 differentiation 
inhibited neither TGF-B—induced R-Smad2 phos- 
phorylation (fig. SSA) nor a variety of other lym- 
phocyte responses to TGF-B (fig. S5, B to D) (72). 
In contrast, the type 1 TGF-B receptor kinase in- 
hibitor SB-431542 (fig. S1C) abrogated all re- 
sponses to TGF-f (fig. S5). Additionally, HF did 
not inhibit early IL-6—-induced STAT3 phospho- 
rylation (where STAT proteins are signal trans- 
ducers and activators of transcription) (fig. S6), 
but it did reduce sustained STAT3 activation be- 
ginning 12 hours poststimulation (fig. S6), in- 
dicating that HF indirectly modulates factors that 
maintain STAT3 signaling. Consistent with de- 
creased STAT3 activity (/3), HF-treated T17 cells 
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displayed a reciprocal increase in Foxp3 expres- 
sion (fig. S7A). However, retroviral expression 
of FOXP3 in T cells did not decrease Ty17 dif- 
ferentiation (fig. S7B), and HF repressed IL-17 
expression in T cells lacking Foxp3 (fig. S7C). 
Thus, changes in Foxp3 expression are not nec- 
essary or sufficient for the effects of HF on Ty17 
differentiation. 

HF-treated T cells stimulated in T};17 polariz- 
ing conditions for 3 or 6 hours showed differential 
expression of 81 annotated genes, the majority of 
which were up-regulated (Fig. 2A and table S1). 
Among HF-inducible transcripts, many were func- 
tionally associated with amino acid transport and 
biogenesis, as well as protein synthesis (table S1), 
a pattern characteristic of an amino acid starvation 
response (AAR, also called general amino acid 


control in yeast) (14). The AAR pathway is phys- 
iologically induced by unaminoacylated (i.e., un- 
charged) tRNAs, which accumulate during amino 
acid insufficiency and bind to the protein kinase 
GCN2 (/5, 16). Activated GCN2 phosphorylates 
and inhibits eukaryotic translation initiation factor 
2A (elF2q), leading to a transient reduction in 
protein synthesis, while enhancing the translation 
of ATF4 (fig. S8), a transcription factor that acti- 
vates stress-induced gene expression (/5—17). HF 
treatment activated ATF4 target genes (Fig. 2A; 
fig. SOA, red and blue dots, respectively; and table 
S82) (7/4, 17), including Asns, Gpt2, and elF4Ebp!1, 
as confirmed by quantitative real-time fluorescence 
polymerase chain reaction(QPCR) (Fig. 2B). 
HF treatment rapidly induced elF2a phospho- 
rylation and ATF4 expression (Fig. 2, C and D) 
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and did so independent of stimulation and polar- 
ization conditions (fig. S9B), indicating that AAR 
activation by HF is not restricted to Ty17 cells. 
Phosphorylation of eI[F20 and ATF4 expression 
can be initiated by multiple upstream kinases 
through a shared signaling cassette termed the 
integrated stress response (fig. S8) (75). GCN2 
autophosphorylation was activated in response to 
HF treatment (Fig. 3A), indicating that HF acti- 
vates the AAR pathway. Furthermore, neither HF 
nor depletion of cysteine and methionine (Cys/Met) 
activated IRE-1—dependent splicing of the tran- 
scription factor Xbp-1, a response characteristic 
of endoplasmic reticulum (ER) stress (/8), in con- 
trast to a known inducer of ER stress, tunicamycin 
(Fig. 3B) (17). Microarray analyses indicated that 
HF does not activate gene expression associated 


Fig. 1. Selective inhibition of Ty17 A B 

differentiation by HF. (A) Carboxy-  _ 12° 
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Fig. 2. HF activates the AAR pathway. 
(A) Histogram of microarray data from 
differentiating T,17 cells treated with HF 
or MAZ1310 for 3 or 6 hours. Red dots 
indicate transcripts increased greater than 
twofold by HF-treatment at both 3 and 
6 hours. Text and arrows denote several 
defined AAR genes (27). (B) Quantitative 
real-time PCR was performed on cDNA from 
unstimulated T cells or those activated for 
4 hours in the presence of MAZ1310 or 
HF. Asns, Gpt2, or elF4Ebp1 mRNA expres- 
sion was normalized to Hprt levels and are 
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IC59 values are listed next to 
. (B) Intracellular cytokine expression in primary 
human T cells treated with DMSO, HF, or MAZ1310. (C) Differentiating T,,17 cell 
cultures were incubated with HF at the indicated times after activation. 
Intracellular cytokine expression was determined on day four. The mean 
SD (error bars). *P < 0.005, relative to 
MAZ1310-treated T cells. (D) CFSE-labeled T cells were differentiated to T,,17 in 
the presence of HF or MAZ1310. After intracellular cytokine staining, CFSE peaks 
were gated and mean percentages of IL-17* T cells within each peak are vo 
displayed + SD (error bars). All data represent at least three similar experiments. 
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Fig. 3. Regulation of 1,17 differ- 
entiation by amino acids. (A) Lysates 
from TCR-activated T cells treated 
with MAZ1310 or HF for 4 hours were 
analyzed by Western blotting. (B) Un- 
stimulated or activated T cells were cul- 
tured in complete medium, medium 
lacking Cys/Met (-Cys/Met), or complete 
medium containing tunicamycin, HF, 
or MAZ1310 and lysed after 4 hours 
for Western blot analysis. Xbp-1 
splicing assay was performed on 
isolated cDNA (6). (C) Activated T 
cells were cultured without cytokines 
or polarized to 141, Ty2, Treg OF 
Ty17 cells. Titrating concentrations 
of Cys/Met are indicated. The percent- 
ages of Ty1, Ty2, and Ty17 cells, and 
those expressing CD25 or Foxp3, 
were determined as in Fig. 1A and 
are displayed as mean values + SD, 
normalized to cells cultured in complete 
medium. (D) T cells differentiated as 
in (©) were treated with tunicamycin 
as indicated. T cell activation and dif- 
ferentiation was determined as in (Q). 
(E) Activated T cells were treated with 
DMSO or HF. Some cultures were sup- 
plemented with 5x or 10x amino 
acids (6), and lysates were analyzed 
after 4 hours by Western blotting. 
(F) T cells activated in 7,17 polarizing 
conditions were treated with DMSO or 
HF plus amino acids, as indicated, and 
stained for intracellular cytokine ex- 
pression. These data represent three 
experiments. 
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with ER or oxidative stress (e.g., GRP78/BiP, 
calreticulin) (table S1) (/8, 19). HF also ac- 
tivated the AAR in fibroblasts and epithelial cells 
(fig. S10) (20), establishing that AAR activa- 
tion by HF is not limited to T cells. HF activated 
the AAR without concomitantly altering sig- 
naling through the nutrient sensor mTOR as de- 
termined by p70-S6K phosphorylation (fig. S11) 
(21). 

We next tested whether AAR activation in- 
duced by selective amino acid deprivation (fig. 
$12, A and B) could mimic the effects of HF on 
T cell differentiation. Decreasing Cys/Met con- 
centrations in differentiating T cell cultures im- 
paired T};17 cell development in a dose-dependent 
manner without affecting CD25 up-regulation or 
the differentiation of Ty1, Ty2, or iTycg cells (Fig. 
3C and fig. S12C). As with HF, amino acid re- 
striction reduced Ty17 differentiation, independent 
of cell survival or proliferation (fig. S12D). Dep- 
rivation of leucine, or treatment with L-tryptophanol, 
an inhibitor of tryptophanyl-tRNA charging (fig. 
S12E), also diminished T}17 differentiation, in- 
dicating that AAR activation restricts Ty17 dif- 
ferentiation in a manner not specific to individual 
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amino acids. In contrast to amino acid depriva- 
tion, tunicamycin-induced ER stress suppressed 
the differentiation of both Ty1 and T,2 cells at 
doses that did not affect T}17 differentiation 
(Fig. 3D and fig. S12C). To establish whether 
AAR activation is required for the inhibition of 
Ty17 differentiation by HF, we added excess free 
amino acids to abrogate activation of the AAR in 
HF-treated cells. Under these conditions HF failed 
to induce eIF2a phosphorylation, up-regulate 
ATF4 protein expression, or prevent Ty;17 differ- 
entiation (Fig. 3, E and F). Thus, activation of the 
AAR by HF is both necessary and sufficient for 
the repression of T;17 differentiation. 

Selective inhibition of Ty17 differentiation in 
vivo may have broad therapeutic implications. 
We used two distinct models of experimental auto- 
immune encephalomyelitis (EAE) to investigate 
whether systemic HF treatment could inhibit T}17 
differentiation and associated autoimmune inflam- 
mation in mice. Adjuvant-driven EAE was induced 
by immunizing wild-type mice with the immuno- 
dominant myelin antigen MOG33-55 emulsified 
in complete Freund’s adjuvant (CFA) and was 
associated with infiltration of both Ty17- and 


10 10 10° 


IFN-y-expressing Ty] cells into central nervous 
system (CNS) tissue (fig. S13A). This model of 
EAE is sensitive to modulation of Ty17 responses 
(9, 22, 23). Low-dose HF treatment significantly 
reduced both the frequency and severity of 
adjuvant-driven EAE (Fig. 4A and fig. S13B). 
In contrast, passive EAE was initiated by 
transferring myelin proteolipid protein (PLP) 
specific T cells into recombination activating 
gene-2’ (Rag2’-) hosts (24), and this disease 
was associated with a predominant Ty] response 
in the CNS (fig. S13C). HF-treated recipients de- 
veloped passive EAE similar to control animals 
(Fig. 4B), indicating that HF specifically blunts 
autoimmune inflammation associated with Tj17 
differentiation without inducing global immuno- 
suppression. Both Ty] and Ty17 cells are capa- 
ble of inducing EAE upon adoptive transfer (25), 
but only adjuvant-driven, and not passive, EAE 
initiates a substantial T;;17 response. Thus, the 
protective specificity of HF in EAE is probably 
due to selective inhibition of T,17, but not Ty1 
differentiation. 

Protection from adjuvant-driven EAE by HF 
was associated with fewer Ty17 cells, both in 
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Fig. 4. HF inhibits T,,17-associated autoimmune inflammation in vivo. (A) 
Wild-type mice were immunized with phosphate-buffered saline or MOG33-55 
emulsified in CFA and treated daily with DMSO or HF, and disease was 
monitored (6). (B) After PLP-specific T cell transfer, recipients were treated 
daily with DMSO or HF, and disease was monitored. Mean EAE scores are 
displayed. (C) (Left) Paraaortic lymph nodes from MOG-immunized mice 
treated with DMSO or HF were harvested on day 6. Mononuclear cells were 
cultured without (top) or with (bottom) PMA and ionomycin and stained for 
intracellular cytokines. (Right) Mononuclear cells isolated from CNS tissue of 


DMSO-treated (score = 2) or HF-treated (score = 0) mice were cultured and 
stained for intracellular cytokines as above. TCRB* CD4* cells were gated on 
for analyses. (D) (Top) Splenocyte lysates were prepared from DMSO- or HF- 
treated mice and analyzed by Western blotting. (Bottom) AAR-associated gene 
expression (Asns, Gpt2, elF4Ebp1) was analyzed by QPCR on cDNA from 
spleens of mice treated with DMSO or HF. Transcript levels were normalized to 
Hprt and are displayed as mean expression + SD (error bars) from triplicate 
samples. EAE data are cumulative from three independent experiments; other 
data represent two to three similar experiments. 


the periphery before disease onset and the CNS 
during active disease (Fig. 4C). Ty17 cells 
initiate mononuclear cell recruitment into the 
CNS during adjuvant-driven EAE (22, 26). HF 
treatment reduced T cell infiltration into the CNS 
(fig. S14) but did not change the proportion of 
Tyl cells in the periphery or CNS (fig. S14). 
Moreover, splenocytes from HF-injected mice 
displayed increased eIF2a phosphorylation and 
expression of AAR-associated transcripts (Fig. 
4D). Thus, HF treatment activates the AAR and 
selectively impairs both T};17 differentiation and 
autoimmune inflammation in vivo. 

In conclusion, HF selectively inhibits Ty17 
differentiation and associated autoimmune in- 
flammation via the cytoprotective AAR pathway. 
Endogenous amino acid restriction has been sug- 
gested to regulate inflammation (27). Indoleamine 
2,3-dioxygenase (IDO), an IFN-y—induced enzyme 
expressed by dendritic cells (DCs), metabolizes 
tryptophan, causes local amino acid depletion, 
and inhibits the proliferation of bystander T cells 
via the AAR (28). Local IDO expression also has 


been reported to expand, convert, and directly 
activate Foxp3+ Tyegs (29, 30). Thus, AAR ac- 
tivation may protect against pathophysiologic in- 
flammation by enforcing the tolerogenic effects 
of IDO-expressing DCs and concomitantly blunt- 
ing Ty17 differentiation. Although the mecha- 
nism by which AAR activation constrains Ty17 
differentiation remains unclear, these results high- 
light a previously unknown link between the AAR 
pathway and T};17-mediated immune-pathology. 
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Endogenous Activation Patterns of Cdc42 
GTPase Within Drosophila Embryos 


Daichi Kamiyama and Akira Chiba* 


Knowing when and where a given protein is activated within intact animals assists in elucidating its 
in vivo function. With the use of a genetically encoded A-probe (activation bioprobe), we revealed 
that Cdc42 guanosine triphosphatase (GTPase) remains inactive within Drosophila embryos during 
the first two-thirds of embryogenesis. Within the central nervous system where Cdc42 activity 
first becomes up-regulated, individual neurons display patterns restricted to specific subcellular 
compartments. At both organismal and cellular levels, Cdc42’s endogenous activation patterns in 
the wild type allow predictions of where loss-of-function phenotypes will emerge in cdc42/cdc42 
mutants. Genetic tests support the importance of suppressing endogenous Cdc42 activities until 
needed. Thus, bioprobe-assisted analysis uncovers how ubiquitously expressed signaling proteins 
control cellular events through continual regulation of their activities within animals. 


activation (/). Cdc42 is a member of the 
monomeric Rho guanosine triphosphatase 
(GTPase) family expressed ubiquitously in 
eukaryotes (2). It cycles between a guanosine di- 
phosphate (GDP)}-bound inactive and GTP-bound 
active state. As with other family members, Cdc42 
has been studied in diverse contexts such as 
cytoskeletal dynamics, membrane trafficking, 
and gene regulation (3—6) through overexpression 
of its wild-type, constitutively activated, and/or 
other mutant forms (7—/2). Such approaches dem- 
onstrate profound potentials of the Rho GTPases 
as versatile signaling proteins. For example, 
Cdc42 overexpression disrupts the establishment 
and maintenance of polarity and mobility of vari- 
ous cells in early embryos. In late embryos, the 
complex morphology of neurons can be drasti- 
cally altered after expressing mutant Cdc42 pro- 
teins. Yet, a biochemical analysis suggests that 
only a fraction of Rho GTPases may be activated 
at any given time (/3). Advances in genetically 
encoded fluorescent proteins and FRET (Forster 
resonance energy transfer) detection allow the 
design of molecular bioprobes that reveal activ- 
ities of specific endogenous molecules (14-16). 
However, this visualization approach has yet to 
be implemented in vivo. 
To examine the activation patterns of Cdc42 
within cells and tissues of intact organisms, we 
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generated genetically encoded molecular bio- 
probes that can be used in Drosophila. We de- 
signed an A-probe (activation bioprobe) for 
Cdc42 by using the fact that, upon activation, 
Cdc42 reversibly binds to a specific peptide. In 
the A-probe, Cdc42 and CBD (Cdc42-binding 
domain) are coexpressed as a single polypeptide. 
An advantage of this A-probe (A-probe.1) is its 
FRET donor-to-acceptor ratio stays one-to-one 
and, thus, allows for quantification of FRET 
efficiency. A second design (A-probe.2) con- 
sisted of Cde42 and CBD as separate molecules. 
When introduced in vivo, both A probes revealed 
similar FRET patterns within uniquely identified 
neurons (fig. S1). Use of controls defined the full 
range of FRET in vivo (fig. S2). Experiments 
shown used A-probe. 1. 

We expressed our Cdc42 A-probe in all cells 
of embryos by using a constitutive GAL4 driver 
(act'-GAL4). A-probe FRET remains rare through 
the first two-thirds of development (Fig. 1A and 
figs. S3 and S4). At hour 15:00 of embryogenesis 
(stage 16), the cells at the dorsal midline dis- 
played heightened FRET. By this time, internal 
tissues such as the trachea and central nervous 
system (CNS) also exhibited similarly increased 
FRET. To further examine these internal tissues, 
we used tissue-specific GAL4 drivers (bil'-GAL4 
and elav'-GAL4 for, respectively, trachea and 
CNS). In both tissues, endogenous activities of 
Cdc42 were suppressed until after the embryos 
initiated organogenesis (Fig. 1, B and C). In 
Drosophila, genetic deletion of Cdc42 results in 
100% lethality. However, embryos lacking both 
maternal and zygotic cdc42 gene functions still 
undergo normal development for much of em- 


bryogenesis. Previous work showed defects in 
dorsal closure, abnormal tracheal morphogenesis, 
and incomplete CNS maturation in cdc42/cdc42 
loss-of-function mutants (/7, 18). Phenotypes that 
manifest late during embryogenesis were puz- 
zling because all cells maintain endogenous Cdc42 
expression and, furthermore, are capable of re- 
sponding to artificial activation of Cdc42 even in 
early stages of embryogenesis. However, a simple 
scenario is possible: The endogenous activation 
patterns of Cdc42 proteins, and not their mere 
presence in wild type, allow predictions of when 
and where loss-of-function phenotypes would 
emerge within cdc42/cdc42 mutants (Fig. 1D). 
Although Cdc42 proteins are ubiquitously 
present throughout the cytoplasm (fig. S5), their 
activation patterns remain uncharacterized with- 
in individual cells in vivo. The A-probe FRET 
patterns indicate that neurons, especially within 
their axons and/or dendrites in longitudinal con- 
nectives, activated Cdc42 prominently by hour 
15:00 (fig. S6). Therefore, we expressed A- 
probe specifically in the aCC (anterior corner 
cell) motoneuron at different stages of its devel- 
opment (Fig. 2A and fig. S7). The aCC is one of 
the first neurons to develop complex cellular 
morphologies in the CNS (/9-2/). Within the 
aCC, A-probe displayed highly restricted and 
reproducible spatiotemporal FRET patterns (Fig. 
2B and fig. S8). Before hour 13:00, FRET was 
rarely detected within the axon, even though it 
began extension 4 hours earlier. At hour 13:00, 
FRET became apparent within the axon, peak- 
ing at its proximal region from which dendrites 
were about to emerge. The local elevation of 
A-probe FRET continued as the neuron progres- 
sively attains dendritic complexity (fig. S9). 
Therefore, within an individual neuron, Cdc42’s 
first activation coincides temporarily with the 
onset of dendrogenesis, and, furthermore, its ac- 
tivities are spatially restricted to the compartment 
from which dendrites emerge. Experiments with 
A-probe.2 produced similar results (fig. S10). 
We hypothesized that removal of Cdc42 from 
the aCC would induce abnormal development of 
this neuron only when and where the protein is 
normally activated. To demonstrate this, we de- 
signed single-cell genetic tests that would reveal 
cell-autonomous functions of Cdc42 within the 
aCC motoneuron in the CNS, while paying atten- 
tion to its normally stereotyped dendritic devel- 
opment (Fig. 3A and fig. S11). Despite the 
specific phenotype displayed by pioneer neurons 
(Fig. 3A and figs. S12 and S13), the CNS of 
mutants that lack both maternal and zygotic sup- 
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plies of cdc42 gene (/7) maintained an overall 
wild-type morphology at least up to hour 15:00 
(fig. S14). There is no evidence that supports 
these neurons requiring Cdc42 before dendro- 
genesis, when the molecule would first become 
activated. Together, the results not only support 
the cell-autonomous requirement of endogenous 
Cdc42 during the initiation of dendrites by a 
model neuron but also point to spatiotemporal 
correlation between the activation of Cdc42 and 
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its role within this morphologically complex cell 
down to the level of subcellular compartments 
(Fig. 3C). 

To investigate the importance of control- 
ling endogenous activity patterns of Cdc42 
within a given cell, we intentionally overrode 
the endogenous control of Cdc42 activities in 
the aCC by overexpressing a constitutively ac- 
tivated form of Cdc42 [green fluorescent protein 
(GFP)::Cde42¥"*] (Fig. 3B). When Cde42 was 
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Fig. 1. Cdc42 activation in whole embryo. (A) FRET efficiency in whole embryo 
(mean + SEM) at hours 5:00 through 15:00 (n = 16 to 20). Asterisk indicates P < 
0.01 by two-tailed f test against all other time points. The FRET range for Cdc42 


activation is based on fig. $2. Anterior is to the left. White dots outline yolk. 


Scale bar indicates 50 um. (B and C) Cdc42 activation in trachea (B) and CNS 
(©). (D) Cdc42 is ubiquitous throughout development but remains inactive 
during early stages (blue areas), and tissue-wide activation (pink areas) occurs at 
late stages (top). cdc42/cdc42 embryos develop phenotypes (dashed ovals) at 


late stages (bottom). 


Fig. 2. Cdc42 activation in aCC motoneuron. (A) 
aCC extends its axon laterally to reach the target 
muscle. The dendrite develops within the longitu- 
dinal connective (Ic) of the CNS. Anterior is to the 
top. (B) Relative intensity of A-probe FRET (mean + 
SEM) along the proximal region of aCC axon before 
(11:00), during (13:00), and after (15:00) the onset 
of dendrogenesis (n = 6 each). The patterns at 
13:00 and 15:00 differ from that at 11:00 by 
analysis of variance (P < 0.01). [FRET activities 
within cell body are mostly nuclear (fig. $1).] 
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activated at high amounts and out of normal con- 
text from hour 8:00 onward, the aCC (n = 56) 
displayed aberrant migration of the cell body 
(34%), thickening of the axon (100%), and 
premature termination of its axonal growth cone 
before reaching the target muscle (77%). These 
abnormalities are not only qualitatively distinct 
from the loss-of-function phenotype but also 
variable from segment to segment within a given 
embryo and could emerge as early as hour 10:00. 
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Fig. 3. Genetic tests in aCC motoneuron. (A) The 
number of dendritic processes at 15:00 in wild type 
(+/+, n = 21), cell-specific RNA interference (RNAi) 
(eve'-GAL4/UAS-cdc42*"™'_ n = 13), maternal loss of 
function (maternally cdc42*/cdc42°, n = 9) (M), 
zygotic loss of function (zygotically cdc42*/V, n = 13) 
(2), maternal and zygotic loss of function (maternally 
cdc42*/cdc42° and zygotically cdc42* * °V, n = 12) 
(M+Z), cell-specific RNAi plus maternal and zygotic 
loss of function (maternally cdc42*/cdc42° and 
zygotically cdc42* * °/Y-eve'-GAL4/UAS-cdc42*™", 
n= 14), cell-specific rescue (maternally cdc42*/cdc42° 
and zygotically cdc42* ° °/Y-eve'-GAL4/UAS-cdc42, 
n = 12), and cell-specific overexpression of wild- 
type Cdc42 (eve'-GAL4/UAS-cdc42, n = 15). Asterisk 
and parenthetical asterisk indicate, respectively, P< 
0.01 and P < 0.05 against wild type, and star 
indicates P < 0.01 against loss-of-function mutant 
(22). (B) Out-of-context activation of Cdc42 in aCC 
(GFP in green) in the CNS (with pan-neuronal 
horseradish peroxidase antibody in purple) of 
wild-type embryos (eve'-GAL4/eve'-GAL4;UAS- 
gfp::cdc42""7/UAS-gfp::cdc42""*) causes changes 
in migration of the cell body (white circle), thicken- 
ing of axons, and premature termination of axonal 
growth cone (arrowhead). The control expresses GFP- 
tagged wild-type Cdc42 (eve'-GAL4/eve'-GAL4;UAS- 
Qfp::cdc42/uas-gfp::cdc42). (C) Cdc42 protein is 
present in entire cytoplasm of aCC. Its activation 
(pink area) occurs at the onset of dendrogenesis 
(left), where the phenotype (dashed circle) resulting 
from its genetic deletion appears (right). 


They are a result of the activation of Cdc42 pro- 
tem, and not its mere presence, because overex- 
pression of wild-type Cdc42 (GFP::Cdc42) at 
similar amounts produces no changes in the aCC 
(Fig. 3B). Therefore, precise spatiotemporal con- 
trol of Cdc42 activities is critical to achieve the 
normal development of neurons. 

With use of our in vivo bioprobe imaging 
technology, we revealed the surprisingly re- 
stricted pattern for endogenous activities of a 
potent and ubiquitously expressed signaling pro- 
tein both within individual cells and in whole 
animals. Genetic experiments further supported 
the causal link between the molecule’s activation 
and its function in vivo. The bioprobe-assisted 
approach is indispensable in elucidating the 
function of molecules whose activities receive 
continual controls within organisms. 
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are featured in this space. Emphasis is given to purpose, chief characteristics, and availabilty of products and materials. Endorsement by Science or AAAS of any prod- 
ucts or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 
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From the journal Science m\ AAAS 


Department of Health and Human Services 
National Institutes of Health 
National Institute on Aging 
Intramural Research Program 


Staff Scientist - Animal Program Director 


The National Institute on Aging (NIA), a major research component of the National Institutes of Health 
(NIH) and Department of Health and Human Services (DHHS), is recruiting for a Staff Scientist-Facility 
Head who will serve as the Animal Program Director for the NIA Intramural Research Program (IRP). The 
incumbent will be responsible for an AAALAC accredited animal care and use program and for support 
of the animal research programs in the Institute, studying animal models of development and aging, and 
interventions to prevent or alleviate aging-related deficits. The supervisory and regulatory responsibilities 
of this position require the applicant to hold a veterinary degree (D.V.M., V.M_D., or equivalent degree) 
with certification or eligibility for board certification in laboratory animal medicine or veterinary pathology. 


Applicants must have a proven record of management of an animal research program and demonstrated 
experience with the regulatory aspects of animal welfare. The expertise and experience should include, but 
not be limited to interaction and cooperation with scientific staff in a manner that promotes and facilitates 
their scientific programs. Duties will include cost-effective breeding and maintaining numerous transgenic 
and knockout lines (currently in excess of 600) including “difficult” lines, collaboration with scientific staff 
in effective production and import of new genetically manipulated lines, and, especially, in maintaining a 
current and accurate database on the colony status. The incumbent will take primary responsibility for the 
clinical aspects of the animal program and will oversee animal health surveillance and maintain both 
a barrier facility and a quarantine area. The incumbent will perform animal surgery and teach appropriate 
procedures to animal care and technical staff. 


Salary is commensurate with experience and accomplishments. The salary range for Staff Scientists is 
$87,000 - $171,257. A full Civil Service package of benefits (including retirement, health, life and long 
term care insurance, Thrift Savings Plan, etc.) is available. Additional information regarding the NIA, IRP 
and the RRB is available at the following websites: http://www.gre.nia.nih.gov and 
http://gre.nia.nih.gov/branches/rrb/rrb.htm . To apply: Please send a cover letter, curriculum vitae, bib- 
liography, statement of research interests, and three letters of recommendation to: Peggy Grothe, 
Intramural Program Specialist; Office of the Scientific Director; National Institute on Aging, 251 Bayview 
Boulevard, Suite 100-Room 04C232, Baltimore, MD 21224-6825. Position will remain open until filled; 
however, application reviews will begin August 1, 2009. Please include the following vacancy number 
in all correspondence: Vacancy # NIA-IRP-09-06. If additional information is needed, please call 
410-558-8012 or email: grothep@mail.nih.gov. 


DHHS and NIH are Equal Opportunity Employers 


Max Planck Institute 
for Demographic Research 


Directors: Prof. James W. Vaupel — Prof. Joshua R. Goldstein 


To synthesize insights from mathematical demography and evolutionary biology, the Max 
Planck Institute for Demographic Research is pursuing new initiatives in the 


Quantitative Analysis of Age-Specific Life-History Evolution. 


The institute is looking to recruit promising scientists from diverse disciplines at the 


PhD, Post-Doc, and Research Scientist levels. 


The successful candidates will join a thriving Laboratory of Evolutionary Biodemography, 
where they will interact across disciplines with 20 other scientists, all of whom are com- 
mitted to understanding how evolution can shape age-specific patterns of mortality and 
fertility. The research program aims to tackle this common goal by combining insights 
from diverse fields, including demography, life history, biology, ecology, mathematics, sta- 
tistics, and actuarial science. We foster the exchange of ideas between those working 
both theoretically and empirically, and we aim to cultivate a range of complementary stu- 
dies which use field and lab data and are based on comparative and analytical approa- 
ches. To consider a wide range of possible evolutionary outcomes, we work with a broad 
selection of study organisms including mammals, birds, fish, invertebrates, and plants. We 
will consider flexible, open appointments for strong candidates with appropriate back- 
grounds and relevant interests. Further information can be found at www.demogr.mpg.de. 
Applications should include a CV with a statement of academic interests and relevant 
experience, details of all qualifications including grades, a list of any publications and 
the contact details of 3 referees. 

Review of applications will begin on 15th June 2009. PhD positions will typically start in 
September or October 2009, and other positions will start as soon as possible after 
appointment. PhD and Postdoc appointments are made on doctoral and postdoctoral sti- 
pends respectively. 
Research scientists will be employed up to salary level 15 on the basis of the German 
TV6D system according to the qualification of the candidate and in accordance with the 
rules of federal employees in Germany. 
The Max Planck Society wishes to increase the share of women in areas where they 
are underrepresented, and strongly encourages women to apply. 

The Max Planck Society is committed to employing more handicapped individuals and 
especially encourages them to apply. 
Please send all materials (by e-mail) to Prof. James W. Vaupel, Director of the Max 
Max-ptanck.cesextscuam? Planck Institute for Demographic Research, at: appl-evodemo@demogr.mpg.de. 


www.demogr.mpg.de 
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te NATIONAL INSTITUTES OF HEALTH 


Head of Surgical Pathology 


Su 
CER And 
INSTITUTE 


Head of Cytopathology 


Position Description 
The Laboratory of Pathology, Center for Cancer Research, National Cancer Institute, is seeking Heads of the General Surgical Pathology and Cytopathology Sections. These positions are among several that have become available 
ina restructuring of the Laboratory of Pathology. We are seeking accomplished academic diagnosticians who can take advantage of a stimulating collaborative research environment. Resources appropriate to the candidates’ goals 


will be provided. In addition, incumbents will be responsible for leading small groups of surgical or cytopathologists, and for teaching residents and fellows. 


About NCI’s Center for Cancer Research 

The National Cancer Institute is part of the National Institutes of Health in the Department of Health and Human Services, a federal government agency. The Center for Cancer Research (CCR) is the largest component of the NCI 
intramural biomedical research effort at NIH and a major user of the NIH Clinical Research Center, a state-of-the-art research hospital on the campus of the NIH in Bethesda, Maryland. The CCR offers tremendous depth and breadth 
of intellectual and technological resources, as well as opportunities for collaboration with investigators both within and outside of the NIH. The research environment is highly conducive to advancing translational research and highly 


collaborative, emphasizing multidisciplinary and interdisciplinary team science. 


Location 

The Laboratory of Pathology is located on the campus of the National Institutes of Health in Bethesda, Maryland, a suburb of Washington, D.C. 

Eligibility/Salary 

Applicants must have an M.D. or M.D., Ph.D, degree, be board-certified in Anatomic Pathology and be eligible to be credentialed to practice medicine at the NIH. Candidates for Head of Cytopathology should also be board-certified 
in Cytopathology. Successful candidates will have had both solid training and extensive experience in diagnostic pathology, a record of, and interest in, investigative pursuits as well as leadership and team-building capabilities, 
and a commitment to training and mentoring. Salaries are negotiable within a range and are dependent upon qualifications and experience. A full package of benefits, including health insurance, life insurance, retirement and Thrift 
Savings Plan, is available to all Federal employees. This position is not restricted to U.S. citizens. 

Application 

Interested individuals should submit a cover letter specifying which position is of interest, curriculum vitae, a career synopsis and a statement of future plans (1-2 pages) electronically to bronezm@mail.nih.gov, or by mail to the 
address below. Applications will begin to be considered on or around August 1, 2009. The positions will remain open until filled. Dr. Mark C. Udey, Chair, Search Committee, Laboratory of Pathology, Center for Cancer 
Research, NIH, c/o Ms. Melissa Bronez, Executive Secretary, 9000 Rockville Pike, 31 Center Drive, Building 31, Room 31A11, MSC 2440, Bethesda, MD 20892-2440. 


ONAL Tenure-Track or Tenure-Eligible 


| ah Molecular Pathologist 


Job Description 

The Laboratory of Pathology, Center for Cancer Research, National Cancer Institute, is seeking an outstanding tenure-track or tenure-eligible physician-scientist to both carry out original, innovative research and to 
participate in Molecular Diagnostics. This position is among several that have become available in a restructuring of the Laboratory of Pathology. The successful candidate will have a record of achievement in an area 
of research relevant to pathology: examples include, but are not limited to, chromosome biology and systems biology related to disease pathogenesis or diagnostics. 


About NCI’s Center for Cancer Research 

The National Cancer Institute is part of the National Institutes of Health in the Department of Health and Human Services, a federal government agency. The Center for Cancer Research (CCR) is the largest component 
of the NCI intramural biomedical research effort at NIH and a major user of the NIH Clinical Research Center, a state-of-the-art research hospital on the campus of the NIH in Bethesda, Maryland. The CCR offers 
tremendous depth and breadth of intellectual and technological resources, as well as opportunities for collaboration with investigators both within and outside of the NIH. Investigators are supported by a wide array of 
research resources, including animal facilities and dedicated high-quality cores in such areas as imaging/microscopy, chemistry/purification, mass spectrometry, flow cytometry, genomics/sequencing, transgenics and 
knockout mice, arrays/molecular profiling, and human genetics/bioinformatics. The research environment is highly conducive to advancing translational research and highly collaborative, emphasizing multidisciplinary 
and interdisciplinary team science. 


Location 

The Laboratory of Pathology is located on the campus of the National Institutes of Health in Bethesda, Maryland, a suburb of Washington, D.C. 

Eligibility/Salary 

Applicants must have an M.D. or M.D., Ph.D. degree. Board certification in Anatomic Pathology, Molecular Genetic Pathology or clinical Medical Genetics is desirable but equivalent training and experience may 
substitute. The successful candidate will direct an independent research program supported by the NCI intramural program. Research support will be provided to develop a state-of-the-art laboratory that includes 
sufficient personnel, space, equipment, and a supplies budget to sustain a productive research effort. Salary is negotiable within a range and is dependent upon qualifications and experience. A full package of benefits, 
including health insurance, life insurance, retirement and Thrift Savings Plan, is available to Federal employees. Candidates may be eligible for the NIH Loan Repayment Program (http://www.LRP.NIH. gov). This 
position is not restricted to U.S. citizens. 

Application 

Interested individuals should submit a cover letter, curriculum vitae, brief statement of research interests and future plans (1-2 pages) electronically to bronezm@mail.nih.gov, or by mail to the address below. Applica- 
tions will begin to be considered on or around August 1, 2009. The position will remain open until filled. Dr. Mark C. Udey, Chair, Search Committee, Laboratory of Pathology, Center for Cancer Research, 
NIH, c/o Ms. Melissa Bronez, Executive Secretary, 9000 Rockville Pike, 31 Center Drive, Bldg. 31/Room 3A11, MSC 2440, Bethesda,MD. 20892-2440. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 
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European Graduate School on 
Sustainable Energy Technology 


Technical University of Danmark (DTU), the 
Technische Universitat Miinchen (TUM) and the 
Eindhoven University of Technology (TU/e) are 
building a network of scientific excellence in 

The European University Alliance of Science and 
Engineering. The three universities belong to 

the European top as to impact of their research. 
Their profile is distinctly technical and innovative 
with entrepreneurship as an important ingredient 
of their strategy in research and education. 


All three universities have an international 
reputation in the field of energy research. 

On January 1st 2009, DTU, TU/e and TUM have 
joined forces in The European Graduate School 
on Sustainable Energy Technology. 


This school fosters the development of excellent PhD 
students and postdoctoral scientists in a strong and 
vibrant international community with activities in research 
and education in sustainable energy technology. 

The emphasis is on projects with potential to stimulate 
economic growth and development through entrepre- 
neurship, and to provide the society with a secure but 
sustainable supply of energy in the future. The school 
will start with a program building upon existing 
strengths and collaborations between more than 
twenty research groups involved in 42 existing and 

21 new research projects, under the title 


The Molecular Approach to 
Sustainable Energy 


We welcome applications from excellent candidates 


with a background in chemistry, physics, engineering, 
or materials science for 


15 PhD Student Positions 


and 6 Postdoctoral Positions 


For information and applications (deadline July 15th 
2009) we refer to the website of the European Graduate 
School on Sustainable Energy: www.egs-energy.eu 


TUM 


Technische Universitat MUnchen 


Tethnindl Unheersily al Derimtiark nT 


i 

Technische Universiteit _—_ 

I U Eindhoven _—- 
University of Technology 


[ MUSC 


PDO AGS Ges Ce Bd 


Director of Tissue Biorepository/ 
Translational Researcher 


The Hollings Cancer Center at the Medical University of South Carolina 
in Charleston has an opening for an individual MD or MD/PhD to further 
direct and develop an established Tissue Biorepository. Additionally this 
individual will be provided the space and resources to develop or con- 
tinue their own independent laboratory career. The successful applicant 
must have a significant background in surgical pathology, but does 
not need to be licensed to practice, and have a working knowledge of 


issues related to tissue and other specimen procurement practices for 
cancer research. He/she should have as a goal to be an independent cancer 
translational and/or basic researcher. Laboratory space and equipment 
will be provided. 


Located on the Atlantic Coast, living in Charleston allows easy access 
to the beaches and fishing, as well as cultural events including theater, 
music, the Spoleto Festival, and outstanding cuisine. 


Interested candidates should forward a copy of their CV and three profes- 
sional references to: 
Andrew S. Kraft, MD 
Director, Hollings Cancer Center 
MUSC 
86 Jonathan Lucas Street 
PO Box 250955 
Charleston, South Carolina 29425 
Email to: campbetb@musc.edu 


MUSC is an Equal Opportunity Employer, 
promoting workplace diversity. 


Ta Endowed Chair i 
MUS C feito oie Stem Cell 


Biology and Therapy 


The Hollings Cancer Center and the Division of Hematology/Oncology at the 
Medical University of South Carolina is excited to announce an opening for 
a mid to senior level faculty position with interest and experience in hemato- 
poietic stem cell biology and therapy. This position will hold a $2M endowed 
chair and will have access and authority over endowed programmatic funds 
currently totaling $6M dollars. We are seeking either a physician scientist or 
a laboratory scientist who would complement and expand existing MUSC 
research efforts in hematologic malignancies and stem cell biology. 


Candidates should have a national reputation in studying hematopoietic 
malignancies and stem cell biology, demonstrated ability to carry out 
clinical, translational and/or basic research involving hematopoietic and/or 


neoplastic stem cells, a solid record of collaborative, peer-reviewed funded 
research and evidence of leadership ability. The Hollings Cancer Center has 
recently received designation by the National Cancer Institute, and with its 
state-of-the-art clinical, research and shared resource facilities, it has a strong 
culture of promoting translational research. 


Located on the Atlantic coast in South Carolina, Charleston boasts one of 
the nation’s most historic downtown areas, beaches and international cultural 
events such as the Spoleto Festival USA. 


Interested candidates should send their CV, a summary of future research 
plans and three references to: 

Andrew Kraft, M.D. 

Director, Hollings Cancer Center 
Medical University of South Carolina 
PO Box 250955 
Charleston, SC 29425 
campbetb@musc.edu 


MUSC is an Equal Opportunity Employer, 
promoting workplace diversity. 


~ oncology 
focus 


One focus: join our shared commitment to 
improve the lives of cancer patients everywhere. 


Millennium: The Takeda Oncology Company is developing an 
extensive pipeline — among the top in oncology worldwide — with 
more than 13 compounds in development for a broad range of solid and 
hematological cancers. 


Postdoctoral Program - Protein Homeostasis 


Millennium: The Takeda Oncology Company is renewing a 
Postdoctoral Fellowship Program in the rapidly advancing area of 
Protein Homeostasis. Following on the success of the first-in-class 
proteasome inhibitor, bortezomib, for the treatment of cancer, the 
initiation of this program presents a unique opportunity to join one 
of the industry's leading multidisciplinary research groups in the field. 


We're looking for highly talented and motivated PhDs in the research 
areas of biochemistry or molecular, cellular and in vivo biology to 
participate in this exciting program. Research will focus on key biological 
questions to help define the role of Protein Homeostasis in cancer. 


Fellows will integrate closely with the Discovery organization and have 
areal opportunity to learn the science of drug discovery. They will be 
encouraged to present their findings at major scientific meetings and 
will be expected to publish in leading peer reviewed journals. Fellows 
will work in state of the art facilities with access to cutting edge biology 
reagents and technologies. 


Experience in the area of Protein Homeostasis is an advantage 
although candidates from other scientific backgrounds are 
encouraged to apply. 


Please visit us at www.millennium.com/careers 


to apply to this position. Please reference JING\. 


req. #5968BR. MILLENNIUM 


©2009 Millennium Pharmaceuticals, Inc. All rights reserved. (C0085 THE TAKEDA ONCOLOGY COMPANY 


Forschungsuniversitat - gegriindet 1825 


Universitat Karlsruhe (TH) T 


Karlsruhe Institute of Technology 


The DFG Research Center for Functional Nanostructures (CFN) at the 
Universitat Karlsruhe (TH) invites applications for the position of 


Leader of the Young Scientist Group 
» Computational Chemistry“ 
The Young Scientist Group will initially be funded until the 30" of June 2013. 


The Young Scientist Group is intended to strengthen the CFN (www.cfn. 
uni-karlsruhe.de) in the field of theoretical chemistry and will be expected 
to participate in interdisciplinary research projects, for example in the 
research area Molecular Nanostructures. Research groups from inorganic, 
organic and physical/theoretical chemistry as well as from experimental 
and theoretical physics collaborate in this research area. Possible research 
topics of the Young Scientist Group are 


e the interaction of molecules with nanostructured surfaces, 
e surface reactions treated by density-functional theory, 

* multi-scale modeling of surface processes, 

e the theory of mass, charge and heat transport. 


Two further researcher positions, start-up investments and consumables 
will be provided to the Young Scientist Group. 


The applicant is expected to be an outstanding young researcher in one 
or more fields of theoretical chemistry related to the above research area. 
His/Her competence should be clear from publications in established 
international scientific journals, and he/she should have held a doctorate 
for not more than 5 years. 


Universitat Karlsruhe (TH) aims to increase the representation of women 
among the university staff and therefore explicitly encourages applications 
from female scientists. Universitat Karlsruhe (TH) is an equal opportunity 
employer and will give preference to disabled candidates having the same 
qualifications as their competitors. 


Applications including a short project outline, CV, diplomas, a list of 
publications and copies of the five most important publications are to be 
submitted not later than the 31% of August 2009 to the Universitat 
Karlsruhe (TH), Prof. Dr. M. Wegener, CFN coordinator, Wolfgang- 
Gaede-StraRe 1a, 76131 Karlsruhe, Germany. 


ulm university uu 


UimM 


The University of Ulm intends to establish a Research Group 

for “Stem Cell Targeting” within the “Center for Biomedical 
Research”. We are now seeking applications from qualified indi- 
viduals to head this research group: 


Molecular Functions and 


Targeting of Stem Cells 
Full Professor (W3) 


The successful candidate will be appointed as head of a new 
institute. A particular focus of the new initiative is on stem cell 
biology and regenerative medicine. Molecular alterations in adult 
stem cells contribute to regenerative dysfunction, aging, and 
carcinogenesis. The targeting of molecular alterations in stem 
cells represents an emerging focus in molecular medicine and 
includes genetic approaches or siRNA or compound-mediated 
manipulation of molecular pathways in stem cells. The new 
initiative will help to translate basic knowledge on stem cell 
biology towards targeted therapies. The appointment is 
tenured. The successful applicant will be appointed to a Chair 
at the University. 


The University of Ulm has established clinical research programs 
in molecular medicine and stem cell aging (Max-Planck-Research 
Group), lympho-hematopoiesis, stem cell transplantation, char- 
acterisation of tumor stem cells, apoptosis, aging, and molecu- 
lar imaging as well as programs in developmental biology (SFB 
497), and tissue repair and regeneration in the pancreas (SFB 
518). 


Candidates should hold an MD or PhD degree in medicine, 
biochemistry or biology. An excellent track record, sustained 
external funding and a robust research program are required. 


Teaching experience is advantageous. The University of Ulm 
runs undergraduate and graduate programs in biochemistry, 
biology, molecular medicine and medicine including a PhD pro- 
gram funded by the excellence initiative of the Federal Govern- 
ment. 


Conditions for appointment are a completed course of studies 
at a university, pedagogical aptitude, doctorate and additional 
academic achievements (§ 47 LHG). 


The University of Ulm is committed to increase the share of 
women in research and teaching positions and therefore explic- 
itly encourages female candidates to apply. 


Applications (including the application form, CV, a complete list 
of grants and publications, and a summary of current research 
interests and objectives) should be sent by June 30, 2009 to: 
Professor Dr. G. Adler, Vice President and Head of Search Com- 
mittee, University of Ulm, D-89069 Ulm, Germany. Application 
forms can be requested from the Vice President’s Office 
(e-mail: almuth.stein@uniklinik-ulm.de). 
Please indicate on the 

envelope the index number 50. 


Physically disabled applicants receive ar 
Zertifikat seit 2008 


favourable consideration when equally audit forellengerechte 
* hochschule 
qualified. 
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Director ¢ Laufer Center for 
Computational Biology and Genome Science 


Stony Brook University seeks a visionary leader to direct and actively participate in the research 
programs of the Louis and Beatrice Laufer Center for Computational Biology and Genome Science 
(www.laufercenter.stonybrook.edu). The Center Director will have achieved national or international 
prominence ina field relevant to the research interests of the Laufer Center, such as systems biology, 
computational structural biology, and computational genomics. 


The Laufer Center was designed as a focal point for research and graduate training in computational biology 
and genome sciences. The Center is expected to play a critical role in the recently formed Stony Brook 
Alliance, which involves Stony Brook University, Brookhaven National Laboratory, and Cold Spring Harbor 
Laboratory. Therefore, the Director must have the ability to promote and coordinate interdisciplinary 
research and collaborations across departments and among institutions. Resources for the Center 

include three endowed professorships, newly renovated space, and a substantial budget for equipment 

and operating funds. The Director will hold the rank of professor and report to the Provost of the University. 


Required qualifications include a Ph.D. or M.D. degree and at least 10 years of research experience in a 
discipline relevant to the goals of the Laufer Center. He or she will have successfully obtained research 
unding from major granting institutions and research foundations and will have compiled an outstanding 
record of professional achievement. Candidates must possess excellent leadership and management 
skills and have the decision-making and collaborative skills required to establish and lead a world-class 
interdisciplinary research center. Experience will include the ability to stimulate innovation and to 
effectively collaborate with faculty and staff to ensure the emergence of a vibrant and productive Center. 


Qualified applicants should submit a comprehensive curriculum vitae that includes their educational 
background, academic/visiting appointments held, honors and awards received, external research funding, 
ist of publications, invited/keynote presentations, work with learned societies, service on editorial boards, 
conferences organized, and memberships in professional organizations. Applications will be accepted until 
he position is filled. 


To apply submit to: Chair, Search Committee 


Laufer Center Director, Basic Science Tower h) 

T-8, Room, 160, Stony Brook University, SUNY \ 

Stony Brook, NY 11794-8651; or fax (631) 444-7641 \ 

Equal Opportunity/Affirmative Action Employer. Women, people of color, individuals B : GY C 


with disabilities, and veterans are encouraged to apply. 


ee —=_ | 
LJ i EStreLMaAmR 


Defense Threat 4¢ HENERL CRP PRA ABA Y 
Reduction Agency Assistant/Associate Professor in 
Nanomedicine 


The Defense Threat Reduction Agency 
(DTRA) makes the world safer by reduc- The Center for Nanotechnology in Drug Deliv- 


ing the threat posed by weapons of mass ery announces the appointment in the Division of 
destruction. In the 21“ century few tasks are Molecular Pharmaceutics in the UNC Eshelman 
School of Pharmacy in Partnership with the 


ing to employ a skilled technical manager and Lineberger Comprehensive Cancer Center at the 
leader with the vision to help keep America University of North Carolina at Chapel Hill. 

safe from weapons of mass destruction. Candidates possessing a Ph.D. degree in an 
engineering discipline, pharmaceutical sciences, 
We are actively recruiting for the position chemistry or related discipline with expertise in 
of Chief, Physical Science and Technology nanomedicine, nanotechnology and cancer drug 
Division, Chemical and Biological Technolo- delivery are invited to apply for this 12-month 
gies Directorate (located at Ft. Belvoir, VA). tenure-track position. The ideal candidate will 
Highly qualified candidates will have excel- have already established a highly competitive 
lent collaborative leadership skills, in-depth independent research program, or possess the 
technical knowledge, and the demonstrated clear potential to do so with a primary focus in 
capability to plan, coordinate, integrate and targeted nanoparticle-based therapeutics and/or 
execute a science and technology program molecular and nanotechnology-based imaging 
that provides timely and effective physical and diagnostic probes: as andl dete mur) lave 
countermeasures against Chemical, Biologi- an interest in translating novel technologies 


: : : ta into clinical i tigation, and have the abil- 
cal, and Radiological threats and direct Divi- Fete ee ny CSHB ANOM ane ave ie aoe 
; : ity to collaborate with other basic and clinical 
sion technical staff. 


researchers. 

US CITIZENSHIP IS REQUIRED. The deadline for applications is August 1, 2009. 
ree : Applications should be in PDF format including 
Applications will be accepted June 1, 2009 the following four items: (1) a cover letter, (2) 
thru June 19, 2009 at www.usajobs.gov CV, (3) detailed statement of research program 
(Click on Agency Search, then select Defense and interests, and (4) the names and contact infor- 
Threat Reduction Agency) or Resumes may mation of four references. Interested applicants 
be submitted thru June 19, 2009 directly to: should apply directly to the search committee 
Human Capital Office, Attn: Mr. Howard chair: Michael Jay, Ph.D. at mjay@unc.edu. 
Staik, 8725 John J. Kingman Road, Ft. Women and minority groups are encouraged 
Belvoir, VA 22060-6201. to apply. 


as challenging or demanding. We are look- 


Baylor College of’ Medicine 


Baylor College of 
Medicine is recruiting 
McNair Scholars. 


The best minds in medicine 
seek emerging leaders in: 


Breast Cancer Research 
Dan L. Duncan Cancer Center of 
Baylor College of Medicine 


Type 1 Diabetes Research 
Division of Diabetes, Endocrinology 
and Metabolism 


Neuroscience Research 
Departments of Neuroscience 
and Neurology 


Pancreatic Cancer Research 
Dan L. Duncan Cancer Center of 
Baylor College of Medicine 


Through a $100 million gift from the 
Robert and Janice McNair Foundation, 
Baylor College of Medicine in Houston 
is recruiting up-and-coming researchers 
and physician scientists to serve as McNair 
Scholars. These new faculty members will 
join the best minds in medicine in a uniquely 
collaborative work environment as we 
transform the future of healthcare through 
groundbreaking basic or translational 
research and the delivery of personalized 
medicine. A very generous recruiting 
package will be offered to these new 
faculty members. 


Are you a McNair Scholar candidate? 

e A promising investigator with an 
exciting research program and high 
impact publications in your field 

e A junior faculty or senior 
postdoctoral fellow 

e Extraordinary potential for significantly 
advancing human health and novel 
treatments for human disease through 
highly innovative, cutting-edge research 

¢ Committed to collaboration and 
willing to share discoveries for the 
benefit of the larger medical community 


Baylor College of Medicine is an Equal 
Opportunity/Affirmative Action/Equal 
Access Employer. 


For more information and to learn 
how to apply, visit www.bcm.edu/ 
moenair or call 713.798.9134. 


BCM 


Baylor College of Medicine 


ETH 


Eidgendssische Technische Hochschule Zirich 
Swiss Federal Institute of Technology Zurich 


Professor of Computational Science 
Professor of Multiscale Materials Modeling 


ETH Zurich is strengthening its engagement in the area of computational science and high performance computing. The initiative includes interdisciplinary research and 
teaching collaborations as well as a strong interaction with the Swiss National Supercomputing Centre (CSCS) at Manno/Ticino which is part of ETH Zurich. 


Applications from candidates with internationally recognized research credentials and proven teaching abilities are invited for two professorial positions: 


Professor of Computational Science 


The Department of Computer Science (www.inf.ethz.ch) at ETH Zurich invites applications for a professorship of Computational Science. The new professor should have 
an excellent record of internationally recognized research, which demonstrates a strong knowledge of computer science and links with computational methods and 
application domains. The expertise may encompass computational methods including multiscale modeling, uncertainty quantification, or nonlinear dynamics inte- 
grated with high performance computing for simulation of challenging problems in application areas such as biology, climate or materials science. A strong background 
in Computer Science is required for this position. A demonstrated record in interdisciplinary, innovative research bridging Computer Science with other scientific fields 
while contributing to the development of fundamental computer science concepts is highly desirable. The future professor is expected to establish and lead a research 
group within the Department of Computer Science at ETH Zurich. The successful candidate shall contribute to teaching courses in Computational Science and core 
courses of Computer Science. He or she will be expected to teach undergraduate level courses (German and English) and graduate level courses (English). 


Professor of Multiscale Materials Modeling 


The Department of Material Science (www.mat.ethz.ch) at ETH Zurich invites applications for a professorship of Multiscale Materials Modeling. The new professor 
should have experience with static and dynamic simulation techniques in computational science and engineering. It is expected that these simulation techniques are 
used for systematic coarse graining to solve the timescale problem in the context of relevant applications from materials science. Theoretical modeling is anticipated to 
complement and support simulations in reaching the goal of understanding materials properties in terms of atomic structure. The successful candidate is expected to 
establish close collaborative relationships with other members of the Department — established both through applications and on fundamentals of multiscale modeling 
and to teach students of Materials Science at all levels, as well as offer specialized courses for other disciplines (e.g. Physics, Chemistry, Computational Science, Applied 
Mathematics). For this position applications are accepted for all levels (assistant professorship with tenure track through tenured full professor position). The future 
professor will be expected to teach undergraduate level courses (German and English) and graduate level courses (English). 


Please submit your application together with a curriculum vitae, a list of publications, the names of at least three referees, and a short overview of the research 
interests to the President of ETH Zurich, Prof. Dr. Ralph Eichler, Raemistrasse 101, ETH Zurich, 8092 Zurich, Switzerland, no later than August 31, 2009. With a view toward 


increasing the number of female professors, ETH Zurich specifically encourages qualified female candidates to apply. 


USDA MATICAL AGHICULTURAL LIBRARY 


Syne fa) Boge Eh) bilo fo) ee cee 


DIRECTOR 


A Senior Executive Service Position in the Federal 
Government 


The United States Department of Agriculture (USDA), National Agricultural 
Library (NAL), Beltsville, Maryland, seeks an innovative and dynamic 
leader for a full-time permanent Director position ($117,787- $177,000). 
NAL is one of four national libraries of the United States with locations in 
Beltsville, Maryland and Washington, D.C. NAL houses one of the world’s 
largest and most accessible agricultural information collections. It serves 
as the nexus for a national network of state land-grant, USDA field and 
other agricultural libraries and information centers which employ advanced 
information technology solutions to provide continuous access to scientific 
information and ensure the preservation of resources in agriculture and 
related sciences. 


The successful candidate will possess excellent leadership and communication 
skills and a compelling vision for strategic approaches to the development 
and operation of next generation library and information systems and 
services. This challenging and highly visible position, with national and 
international responsibilities, requires a broad knowledge of issues in 
information management, a passion for public service, and demonstrated 
skill in fostering collaborations. For additional information visit, http: 
/Iwww.nal.usda.gov/. 


Applicants must meet mandatory qualifications, as specified in the vacancy 
announcements (ARS-SES:09-04 or ARS:SES:09-05), and address specific 
executive core and technical qualifications. Applicants should only respond to 
the vacancy announcement that best meets his/her educational background. 
Some citizenship restrictions apply. Interested candidates should obtain 
the position announcement from www.afm.ars.usda.gov/divisions/hrd/, 
beginning Monday, June 8, 2009. For questions regarding qualifications 
and application procedures contact Deborah Crump at Deborah.crump@ 
ars.usda.gov or 301-504-1448. Applications must be received by Monday, 
August 17, 2009. 


USDA/ARS is an Equal Opportunity Employer and Provider. 


Full-time Tenure Track 
Faculty Position in 
Cancer Biology 


The University of Michigan invites applications for a full-time tenure 
track faculty position at the level of Assistant or Associate Professor in the 
field of cancer biology. The University of Michigan’s School of Dentistry 
is a world leader in a broad range of areas including tumor microenviron- 
ment, tissue engineering, and craniofacial growth and development. The 
school has a strong PhD program in Oral Health Sciences and its faculty 
is actively engaged in the University of Michigan Head & Neck SPORE 
funded by the National Cancer Institute (NCI). 


The successful candidate should demonstrate a record of ongoing 
scholarly activity and strong potential for obtaining extramural research 
funding. Candidates should have DDS, MD, or PhD degree, or any com- 
bination of these. The University of Michigan has an active mentorship 
program for tenure-track faculty, which provides ample opportunities for 
the development of independent/collaborative research programs within 
the school and across the University. 


For more information, please review the University of Michigan School 
of Dentistry website at http://www.dent.umich.edu/ or contact the 
search committee chair, Jacques Nér at jenor@umich.edu. Please 
send CV, a statement of current and future research interests, and the 
names and contact information of five references to Jean Klark at 
jklark@umich.edu. Review of the applications will begin no later 
than June 1, 2009 and continue until the position is filled. 


The University of Michigan is an 
Affirmative Action\Non-Discriminatory Employer. 
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AARHUS UNIVERSITY 


Three Professor/Group Leader Positions 
at NeuroCampus Aarhus, Denmark 


NeuroCampus Aarhus (NCA) is a crosscutting research cluster within 
neuroscience and cognition at Aarhus University (AU). NeuroCampus is a 
focus area of AU and receives strong support from the Lundbeck Founda- 
tion, the Danish National Research Foundation, Aarhus University Hospital, 
the Danish Ministry of Science, Technology and Innovation, and numerous 
industrial partners. 


NCA comprises basic sciences ranging from neurogenetics, molecular 
and cellular neurobiology to clinical neuroscience, rehabilitation research 
and cognitive neuroscience. NeuroCampus Aarhus research has strong 
translational traditions and is partly embedded in Aarhus University Hospital. 
It has strong international collaborations and a strong infrastructure with 
cutting edge neuroimaging research facilities, bio-imaging equipment, 
biomedical engineering and animal models. 


NeuroCampus Aarhus wishes to strengthen basic research within 
neurotransmission and neuropharmacology, plasticity, degeneration and 
regeneration as well as ischemia, extending our emphasis on understanding the 
molecular and cellular biology of neurological and psychiatric diseases. 


We are offering several professor/group leader positions in specific research 
fields: 
* Professor/Group Leader, in vivo molecular imaging 
* Tenured Professor/Group Leader, Positron Emission Tomography 
Neuroimaging 
* Tenured Professor/Group Leader, Neurobiology 
Read full job description at www.neurocampus.au.dk 


Application containing full CV, publication list and a brief statement of 
research plans should be submitted by noon, July 15th 2009 to Aarhus 
University, Faculty of Health Sciences, Vennelyst Boulevard 9, DK-8000 
Aarhus C, Denmark, marked ‘2009-NeuroCampus’. 


Select candidates will be invited to interview in October 2009. 


Head of Division 
(Neurophysiology) 


Situated in Mill Hill, North West London, NIMR is the largest MRC 
institute, supporting some 70 research groups and 500 bench scientists. 
The Institute provides excellent training for researchers in a multi-dis- 
ciplinary environment and is equipped with state of the art facilities. 
http://www.nimr.mrc.ac.uk/employment/ 


The NIMR intends to appoint an outstanding neuroscientist to head 
the division of Neurophysiology. This is one of the leadership posts at 
NIMR, and the successful candidate will have made major contributions 
to research in one or more fields involving in vivo or in vitro analysis of 
single cells and circuits, synaptic transmission and plasticity, or any area 
of systems neuroscience. 


The candidate should have a successful record of team leadership, and 
an enthusiasm for promoting and developing neuroscience in a multi- 
disciplinary environment. The candidate will benefit from the Institute’s 
open culture of collaboration across all disciplines, relevant strengths in 
developmental neuroscience and molecular genetics, world class animal 
facilities, and excellent core infrastructure and services. 


Informal enquiries to Professor Iain Robinson by e-mail 
irobins@nimr.mrc.ac.uk or call 0208 816 2049. 


Salary range is from £55,550 per annum + £1,469 per annum (London 
Allowance). MRC final salary Pension Scheme is also available. 


Applications, along with a full CV and covering letter, should be made 
online at http://jobs.mre.ac.uk. If you do not have internet access or 
you experience technical difficulties please call 01793 301157 quoting 
reference NIMR09/239. 


The closing date is 2 July 2009. 
Final appointments will be subject to a pre employment screening. 


The MRC is an Equal Opportunities Employer. 


SYMPOSIUMS 


Systems Biology of Aging 
November 10 - 13, 2009 


Organizers: 


Robert Hughes, Ph.D. 
Stuart Kim, Ph.D. 
Simon Melov, Ph.D. 


Buck Institute for Age Research 
Nathan Shock Center of Excellence in the 


Biology of Age Research 
-buckinsti or mposium 


Sponsored in part by The Ellison Medical Foundation and 
the Glenn Foundation for Medical Research. 


PROGRAM OFFICER, 
WARFIGHTER & APPLICATIONS RESEARCH 
(Biologist, Pharmacologist, Physiologist) 


The Office of Naval Research is seeking a qualified individual 
to manage sponsored basic/applied research, and advanced 
technology development programs and projects in the broad 
areas of physiology, pharmacology, and psychology. The 
sponsored efforts are conducted principally at U.S. universities 
and industry or Federal laboratories. This is a Federal Civil 
Service position at the GS-14/15 level ($102,721 - $153,200) 
depending on individual qualifications. 


The position requires knowledge and experience in the 
fundamental theories, concepts, and current-state-of-the art 
research and/or technology development in the broad areas of 
physiology, pharmacology, and psychology, including but not 
limited to, hemostasis, transfusion safety, resuscitations, critical 
care, traumatic brain injury, post traumatic stress disorder, 
wound repair, regenerative medicine, pain management. 


For information on qualifications and how to apply, see the job 
announcement at our website http://www.onr.navy.mil/hr. 
Applications must be submitted by the date noted in the job 
announcement. For technical information contact CDR Elizabeth 
Montcalm-Smith at elizabeth.montcalms@navy.mil. 


U.S. CITIZENSHIP REQUIRED AN EQUAL OPPORTUNITY EMPLOYER 


THE AMERICAN 

SOLE AOR 

GEL 

BIOLOGY December 5-9, 2009 


San Diego Convention Center 
San Diego, CA 


WHERE ELSE CAN YOU FIND.. 


From cancer cells to systems biology 
From the cell biology of disease to what is life 


From Rudolf Jaenisch on stem cells, pluripotency, and nuclear reprogramming 
to Lawrence S.B. Goldstein on ES cells, iPS cells, and germ cells 


Tutorials and exhibits from leading companies on the latest products 


The one and only CellSlam...and Celldance: Only at the ASCB Annual Meeting 
Scientists explain their science and present images and films; you have to be 


there! 
IMPORTANT 
DON'T MISS IT! | DEADLINES 


Regular Abstract Submission 
(minisymposium talk or poster consideration) 


Travel Award Application 
Regular Abstract Submission 
(poster consideration only) 


Early Registration 


Late Abstract Submission 


online @sciencecareers.org 
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POSITIONS OPEN 


INFECTIOUS DISEASE 
FACULTY POSITION 

The Virginia-Maryland Regional College of Veteri- 
nary Medicine at the University of Maryland in College 
Park, Maryland, invites applications from qualified indi- 
viduals for a tenured/tenure-track faculty position in 
infectious diseases. The appointment will be at the 
ASSISTANT, ASSOCIATE or FULL PROFESSOR 
level, depending upon the qualifications of the success- 
ful candidate. A D.V.M.-Ph.D. or Ph.D. degree with 
relevant postdoctoral training in an area of Department 
research focus is required for this position. Salary will 
be commensurate with rank and experience. 

Current focus is on host-pathogen interaction with 
emphases on virology, immunology, bacterial patho- 
genesis, zoonotic diseases, and public health. Preference 
will be given to candidates with demonstrated abilities 
in attracting extramural funding, a strong publication 
record, and experience in graduate education. The po- 
sition comprises 80 percent research and 20 percent 
teaching responsibilities. The research portion focuses 
on basic and/or applied aspects of infectious disease / 
host-pathogen interaction with pathogens important 
for human and animal health, zoonosis, and/or public 
health. Active participation in the University’s graduate 
program is required. The successful candidate will be 
expected to develop, maintain, and conduct a produc- 
tive, extramurally funded research program that will 
strengthen the current research goals of the College. 
Excellent opportunities exist for collaborations with fed- 
eral agencies (USDA, FDA, NIH) and other University 
departments. The Department has excellent in-house 
shared facilities that include advanced ultraviolet-visible 
laser confocal and electron microscopy, DNA sequenc- 
ing, fluorescent-activated cell sorting analyzer with sort- 
ing capabilities, and laboratories /animal rooms to work 
with BSL-2 and select BSL-3 agents. 

Please submit electronically a letter of interest, cur- 
riculum vitae, statement of career goals, and contact 
information of three professional references to e-mail: 
aferrero@umd.edu. Please indicate in the Subject head- 
er “application for faculty position” to the attention of 
Dr. Daniel R. Perez, Search Committee Chair, VA- 
MD Regional College of Veterinary Medicine, Uni- 
versity of Maryland, 8075 Greenmead Drive, College 
Park, MD 20742-3711. Telephone: 301-314-7345; 
fax: 301-314-6855. Applications will be accepted until 
June 30, 2009, or until a successful candidate is iden- 
tified. The position is available immediately. 

The University of Maryland is an Affirmative Action/Equal 
Opportunity Employer. Women and minorities are encouraged 
to apply. 

POSTDOCTORAL AND STAFF POSITIONS 
available in Professor Jingdong Tian’s synthetic bi- 
ology and genomics laboratory at Duke University to 
develop technologies for high-throughput gene and 
genome synthesis and protein, genome engineering. 

(1) Postdoctoral Fellow in protein design, engineer- 
ing, and evolution: Experimental candidates should 
have extensive experience in molecular biology, protein 
biochemistry, enzymology, directed evolution, protein 
structure determination and simulation. Computational 
candidates should have good programming skills, solid 
mathematics and algorithms background, and working 
experience in protein design. The project will involve 
the upkeep of existing code and development of al- 
gorithmic procedure to aid in the redesign of proteins 
which bind and process nucleic acids. 

(2) Postdoctoral Fellow in microfabrication, micro- 
fluidics, and instrumentation: The candidate should 
have extensive hands-on experience in microfabrication 
and microfluidic techniques. Expertise in inkjet tech- 
nology, electronics, robotics, or polymer and surface 
chemistry is desirable. The project will involve develop- 
ment of integrated microfluidic platforms for high- 
throughput gene synthesis and genomics. 

(3) Laboratory Technician/Manager: Requires B.S./ 
M.S. degree and extensive work experience in molecular 
cell biology and biochemistry. The candidate should 
be able to stay for at least two to three years and will be 
responsible for routine nucleic acids, protein, cell cul- 
ture work, and laboratory management. 

Candidates should send curriculum vitae, statement 
of research interests, and names of two references to: 
Professor Jingdong Tian at e-mail: jtian@duke.edu. 
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CAS-NN GREAT WALL PROFESSORSHIP 
IN PROTEIN SCIENCE 
Institute of Biochemistry and Cell Biology, 
Shanghai Institutes for Biological Sciences, 
Chinese Academy of Sciences 
a ee 
Ct SeE + eS 

Institute of Biochemistry and Cell Biology (IBCB), 
Shanghai Institutes for Biological Sciences (SIBS), Chi- 
nese Academy of Sciences (CAS) (website: http://www. 
sibcb.ac.cn) is seeking applicants for a CAS-Novo 
Nordisk (NN) Great Wall Professorship position in 
protein science with research focus on the structural 
and functional studies of key protein regulators that 
are involved in epigenetics in diabetes. Applicants should 
have a Ph.D. or an equivalent degree, postdoctoral ex- 
perience, demonstrated excellence in research, and po- 
tential of developing independent, outstanding research 
work. The successful candidate will be expected to de- 
velop vigorous, extramurally funded research programs 
and to contribute to graduate and postdoctoral training 
programs. The Professorship recipient will be provided 
with excellent laboratory space, substantial startup fund, 
competitive salary, housing subsidy, and fringe benefit 
package. In addition, the recipient will have extra sup- 
port from the CAS-NN Research Foundation to im- 
prove employment conditions, such as supplementary 
salary and benefits to the recipient and his/her family. 

Applicants should send curriculum vitae with a com- 
plete list of publications, a concise summary of past re- 
search accomplishments and future research plans, and 
three letters of references to: Dr. Jianping Ding, Fac- 
ulty Search Committee, IBCB, SIBS, CAS, 320 
Yue-Yang Road, Shanghai 200031, China. Or elec- 
tronically to e-mail: jpding@sibs.ac.cn; telephone: 
086-21-54921619; fax: 086-21-54921610. Appli- 
cations will be accepted until position is filled. Inter- 
views may be conducted at any time upon arrangement. 
IBCB is an Equal Opportunity Employer. 


CAREER OPPORTUNITY 


Doctor of Optometry (O.D.) degree in 27 months 
for Ph.D.s in science and M.D.s. Excellent career op- 
portunities for O.D./Ph.D.s and O.D./M.D.s in re- 
search, education, industry, and clinical practice. This 
unique program starts in March 2009, and features 
small classes and 12 months devoted to clinical care. 

Contact the Admissions Office, telephone: 
800-824-5526 at the New England College of Op- 
tometry, 424 Beacon Street, Boston, MA 02115. 
Additional information at website: http://www.neco. 
edu, e-mail: admissions@neco.edu. 


The Olympic Analytical Laboratory in the De- 
partment of Pathology and Laboratory Medicine at 
UCLA has a POSTDOCTORAL POSITION 
available to develop hormone isolation and detection 
techniques to identify the use of doping agents by 
athletes. A Ph.D. in chemistry, biochemistry, toxicol- 
ogy, or molecular biology is required. Knowledge of 
and experience with hormones and protein analysis 
using techniques such as SDS-PAGE, Western blots, 
isoelectric focusing, GC/MS, and/or LC/MS/MS are 
highly desirable. Send curriculum vitae and contact 
information for three references to e-mail: abutch@ 
mednet.ucla.edu. The David Geffen School of Medicine at 
UCLA is an Equal Opportunity Employer. 


POSTDOCTORAL POSITIONS 


Two Postdoctoral positions available to study dif- 
ferentiation mechanisms of the eye and brain using 
molecular and genetic approaches. Candidates with 
experience in molecular biology and a Ph.D. degree 
are encouraged to send their curriculum vitae, state- 
ment of research interests, and the names of three 
references to: Dr. Renping Zhou, Laboratory for 
Cancer Research, School of Pharmacy, Rutgers 
University, 164 Frelinghuysen Road, Piscataway, 
NJ 08854. E-mail: bachorik@rci.rutgers.edu. 
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SENIOR RESEARCH SCIENTIST 
The University of Texas at Dallas 
Sickle Cell Disease Research Center 


Requires a Ph.D. in molecular biology or a closely 
related field and three years of postdoctoral training 
or research-based experience in molecular biology tech- 
niques including reporter systems, chromatin immuno- 
precipitation, gene expression profiling by microarray 
analysis, stem cell tissue culture techniques, cloning, 
and basic protein analysis. This position will require 
comprehensive reports for grant application, scientific 
publications, and graduate student supervision. Ap- 
plications from U.S. citizens or permanent residents 
preferred. 

Review of applicants begins June 1, 2009, and con- 
tinues until filled. 

Submit curriculum vitae to: Betty S. Pace, M.D., 
at e-mail: bpace@utdallas.edu. 


POSTDOCTORAL FELLOWSHIPS AND 
JUNIOR FACULTY POSITIONS 
in Diabetes and Beta Cell Biology 
University of Pittsburgh 
Division of Endocrinology and Metabolism 
Pancreatic beta cell-diabetes group seeks Post- 
doctoral Fellows and Junior Faculty, M.D. or Ph.D., 
with excellence in cell biological techniques (including 
co-immunoprecipitation, immunohistochemistry, con- 
focal imaging, intracellular trafficking) and molecular 
techniques (including adenoviral and retroviral gene 
delivery). Send resume to: Andrew Stewart, M.D., 
Chief, Endocrinology, University of Pittsburgh 
School of Medicine, U.S.A., via e-mail: mkc20@pitt. 
edu. 
The University of Pittsburgh is an Affirmative Action, Equal 
Opportunity Employer. 


MARKETPLACE 


Detect Glutathione and Cysteine 
with anti-Glutathione and 
anti-Cysteine monoclonal antibodies 


Reagents for HCV (1B and 2A) 
and HBV detection 


617 926 9167P | 617926 9157 F 


Widely 
Recognized 
Original & 
Guaranteed 


8¢/u 
Truncated 
Taq DNA 

Polymerase 

Withstand 99°C 

US Pat #5,436,149 e-mail: abpeps@msn.com 
Call: Ab Peptides 1°800°383¢3362 

Fax: 314°968°8988 www.abpeps.com 


Promab Biotechnologies Inc. 


Custom Monoclonal 


Antibody $4,200 


>3,000 CLONES WILL BE SCREENED 
1-866-339-0871 


www.promab.com info@promab.com 


Oligo Labeling Reagents 


& BHO’/CAL Fluor /Quasar’ Amidites 
& Amidites for 5’ & Int. Modifications 
& Standard and Specialty Amidites 


eee +1.800.GENOME.1 
NO uae www.btilabeling.com 
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High-end Quality 

What is the link between 
a Stradivarius and the 
Koh-i-noor Diamond? 
Leica Microsystems 

has mapped its 


corporate values. 
For more information, 
visit our website. 


Mr. Gunkel, why are DIN and ISO norms 
merely minimum standards? 


According to physicist Claus Gunkel, Head of the Leica Optic Centre, high-end quality starts in the 
process — which begins by listening carefully. Users are included in a quality consciousness which 
represents far higher demands than international standards: for top-performance optics produced 
with nanometer accuracy and delivered at the right time in line with the market price. To ensure 


safety and precision in users' working life. 


www.leica-microsystems.com 


Living up to Life 
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PCR ARRAYS 


Try A Starter Pack Today! 
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Gene Expression and Epigenomic Analysis with PCR ARRAYS 


9 T™T™ 
Why PCR Arrays? Focus on Your Pathway 
At SABiosciences, we have pioneered the PCR Array technology to 
enable simultaneous analysis of 96- or 384-pathway or disease- ¢ Download FREE Pathway Map Powerpoint Slides 
focused genes via real-time PCR. This cutting-edge technology has e Find Relevant PCR Arrays from a Catalog of Over 150 


changed the way scientists analyze diseases, cellular or signaling 
pathways. From pathway content to sample prep to data analysis, PCR 


Arrays now offer a simple and accurate process that allows you to go PCR Array Starter Pack Offer Details: 
from total RNA sample to final analyzed results in two hours. : : . : 
www.SABiosciences.com/Science4. php 


Robust Performance _T gm | 
Simple Protocol qi | 
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